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A l a r g e  amount of research  and development is being conducte h by government 
and indus t ry  t o  develop processes  f o r  removal of SO, from power p l a n t  s t a c k  gases .  
These e f f o r t s  have been s t imula ted  by t h e  a c t i v i t y  of t h e  Federal  Government i n  
suggest ing t o  loca l ,  s t a t e  and i n t e r s t a t e  a i r  p o l l u t i o n  c o n t r o l  agencies  t h a t  s t r i n g e n t  
s tandards  be set up on t h e  maximum permiss ib le  ground l e v e l  concent ra t ion  of SO,. The 
suggested c r i t e r i o n '  c a l l s ,  for example, for  a maximum ground l e v e l  concent ra t ion  over 
a 24-hour per iod  of 0.1 ppm of SO,. I t  is d i f f i c u l t  t o  relate t h i s  c r i t e r i o n  to  a 
maximum permiss ib le  l e v e l  of SO, in a t y p i c a l  power p l a n t  stack s i n c e  t h i s  depends on 
many f a c t o r s  such as  s t a c k  he ight ,  presence of o t h e r  po l lu$ion  sources ,  metereological  
condi t ions ,  e t c .  However, in many ins tances  t h i s  would r e q u i r e  reduct ion  Of the SO, 
content  in t h e  s tack  t o  a l e v e l  corresponding t o  t h e  combustion of a f u e l  Containing 
much less than  I$ s u l f u r .  

a 

There is no doubt t h a t  wherever such s t r i n g e n t  a i r  q u a l i t y  s tandards  may become 
l e g a l l y  required,  power p l a n t  opera tors  w i l l  be forced e i t h e r  t o  i n s t a l l  SO2-removal 
equipment or. t o  switch t o  low-sulfur f u e l s  ( i f  such should be a v a i l a b l e ) .  

The s i t u a t i o n  is of p a r t i c u l a r  concern t o  t h e  c o a l  industry,  s i n c e  over 5 6  of its 
product ion is used f o r  power genera t ion  and only a small  f r a c t i o n  of t h e  coal produced 
in t h e  Eastern United S t a t e s  is low enough in s u l f u r  t o  meet t h e  s t r i n g e n t  s tandards 
mentioned above. 

The most f e a s i b l e  s o l u t i o n  to  the  problem f o r  a coa l  burning u t i l i t y  a t  the  
p r e s e n t  t i m e  is t h e  i n s t a l l a t i o n  of SO,-scrubbing f a c i l i t i e s  s i n c e  removal of s u l f u r  
from t h e  coa l  t o  the  l e v e l  requi red  is a much m o r e  d i f f i c u l t  t a s k .  

The f i r s t  s y s t e m  f o r  f l u e  gas  cleanup to  undergo t r i a l  opera t ion  on a f u l l  
commercial-scale is t he  combined l imestone i n j e c t i o n  and w e t  scrubbing process  of fe red  
by Combustion Engineering.' 
and incurs  a cos t  d e b i t  for limestone purchase and spent  calcium s u l f a t e  s l u r r y  
d isposa l .  

The above system does not  produce any va luable  by-products 

A number of developments is in progress  aimed a t  reducing the  ne t  cost of So, 
scrubbing by s a l e  of by-products, usua l ly  e i t h e r  s u l f u r i c  a c i d  or s u l f u r .  
cesses  are a l s o  aimed a t  t h e  product ion of e i t h e r  (NH4),S04 or l i q u i d  SO, as by- 
products ,  but  t h e s e  are not of genera l  i n t e r e s t  because of restricted markets. 

Some pro- 

The product ion of s u l f u r i c  ac id  has a somewhat broader marke t  p o t e n t i a l .  
processes  a r e  being of fered  f o r  commercial use, i .e . ,  Monsanto's3 Cat-Ox process  and 
Lurgi ' s  S u l f a c i d  process.' 
p o i n t s ,  however, a l s o  restricts the number of p l a n t s  t o  which t h i s  approach is 
appl icable .  

Two 

The high c o s t  of shipping s u l f u r i c  a c i d  t o  consuming 

The product ion of e lemental  s u l f u r  on t h e  other hand, considerably broadens the  
market p o t e n t i a l  due t o  its low cost of sh ipping  r e l a t i v e  to  s u l f u r i c  acid. 
s i d e r a b l e  research  and development is underway, t h e r e f o r e ,  d i r e c t e d  a t  SO, scrubbing 
processes  which y i e l d  elemental  s u l f u r  a s  a by-product. 
a s  y e t  a v a i l a b l e  f o r  commercial use .  

Con- 

None of these ,  however, is 
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Most of these  processes  are based on t h e  u s e  of a n  "a lka l ine  type'' absorbent 
e i t h e r  i n  form of an aqueousS or molten carbonate6 or an a l k a l i z e d  s o l i d  support such 
as a l k a l i z e d  alumina .' The absorp t ion  process  i s  assoc ia ted  'with unavoidable oxida- 
t ion ,  i f  i t  is conducted a t  h igh  temperatures, such t h a t  l a r g e  amounts of a l k a l i  
s u l f a t e  a r e  genera l ly  formed. The regenera t ion  s y s t e m ,  i n  genera l ,  involves reduct ion 
of the  a l k a l i  s u l f a t e  with CO and H ,  mixtures, and recovery o f  t h e  s u l f u r  as H,S which 
is subsequently converted t o  s u l f u r  i n  a convent ional  Claus p l a n t .  

This  type of process  r e q u i r e s  more than  3 and a s  many a s  4 mols of CO p lus  H, 
reductant  p e r  mol of s u l f u r  recovered, a s  t y p i f i e d  by t h e  equat ion below descr ibing t h e  
o v e r a l l  process ,  

/ 

I 
SO, + 1/2 0, + 4 H, = 3 H,O + H,S. 

The most convenient way of genera t ing  t h e  CO p l u s  H2 reductan t  is  by way of steam- 
methane reforming. The thermal  e f f i c i e n c y  of such p l a n t s  may be taken as  equal  t o  
about 70$, based on n a t u r a l  g a s  feed .  
t h e  n a t u r a l  gas  requirement, 
of e lemental  s u l f u r  recovered,  amounts t o  48 MM Btu/long t o n  of s u l f u r .  Present  
p r i c e s  f o r  n a t u r a l  gas  a t  m o s t  loca t ions  i n  nor th  e a s t e r n  United S t a t e s ,  i .e.,  i n  t h e  
range of  35-45#/MM Btu, a r e  such t h a t  t h e  reductant  cost ($17-21/long ton  of s u l f u r  f o r  
a 4/1 mol r a t i o )  p laces  a very high economic burden on such a process  even without 
consider ing t h e  c a p i t a l  and o t h e r  s i g n i f i c a n t  opera t ing  c o s t s  of t h e  gas genera t ion  
and reagent  regenera t ion  processes .  

I t  is r e a d i l y  computed on t h e  above bas is  t h a t  
where 4 mols of CO + H, reductant  are required per mol 

I 
I t  is c l e a r ,  t h e r e f o r e ,  t h a t  a very l a r g e  incent ive  e x i s t s  t o  reduce t h e  reduc- 

t a n t  cost t o  t h e  t h e o r e t i c a l  minimum of 2 mols/mol of s u l f u r  recovered a s  t y p i f i e d  by 
the  o v e r a l l  reac t ion ,  

2 H, + SO, = S + 2 H,O 

or roughly h a l f ,  a s  compared with t h e  schemes discussed above. 

One method t h a t  has been proposed which accomplishes t h i s  ob jec t ive  is t o  i n j e c t  
H,S i n t o  t h e  f l u e  gas and reduce t h e  SO, i n  s i t u , t o  produce s u l f u r  by a Claus type 
process ,  i.e., 

2 H2S + SO2 = 3 S + 2 H2O. 

Two t h i r d s  of t h e  recovered s u l f u r  a re reduced  t o  H,S  and r e i n j e c t e d  i n t o  the  f l u e  gas .  
This  process ,  i n  p r i n c i p l e ,  then produces s u l f u r  with a consumption of only 2 mols of 
reductant/mol of s u l f u r  produced. 

The convent ional  Claus process  is usua l ly  operated with concentrated gases  
using an alumina c a t a l y s t  a t  s u f f i c i e n t l y  high temperatures ,usual ly  400-450°F, such 
t h a t  t h e  s u l f u r  vapor produced does not condense on t h e  c a t a l y s t .  

Thermodynamic l i m i t a t i o n s  i n  t h e  c a s e  of f l u e  gas, however, preclude such a 
type of operat ion.  This  i s  i l l u s t r a t e d  by t h e  equi l ibr ium c a l c u l a t i o n s  for a t y p i c a l  
f l u e  gas  to which 2 mols H,S/mol S0,havebeen added as i l l u s t r a t e d  i n  Figure 1. These 
c a l c u l a t i o n s  were made u t i l i z i n g  t h e  most modern a v a i l a b l e  thermodynamic data.' Data 
a r e  a l s o  shown, for an a r t i f i c i a l  case,  where water  i s  removed from t h e  f l u e  gas to 
i l l u s t r a t e  t h e  adverse e f f e c t  of water vapor on t h e  equi l ibr ium.  

I t  i s  seen  from F i g u r e  1 t h a t  e f f i c i e n t  removal of SO, from f l u e  gas by the 
modified Claus technique r e q u i r e s  opera t ion  a t  temperatures w e l l  below those u t i l i z e d  
i n  t h e  s tandard  Claus p r o c e s s .  
F igure  1, by t h e  adverse  e f f e c t  of water vapor on t h e  equi l ibr ium.  I t  should be 
remembered a l s o ,  t h a t  because of t h e  more n o t i c e a b l e  odor of H,S, t h e  permissible  level  

T h i s  i s  n e c e s s i t a t e d  t o  a l a r g e  degree, a s  shown i n  
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of s u l f u r  compounds i n  t h e  s t a c k  should probably be he ld  t o  a l e v e l  well under t h a t  
f o r  SO, a lone.  Thus, opera t ion  a t  very l o w  temperature, i.e., below about 240°F i s  
indicated.  Under these  condi t ions,  more than 98.5s of t h e  s u l f u r  produced w i l l  con- 
dense on t h e  c a t a l y s t .  I t  is c l e a r ,  therefore ,  t h a t  e i t h e r  a c y c l i c  or moving-burden 
process  is required t o  p e r i o d i c a l l y  remove t h e  deposi ted s u l f u r  from t h e  c a t a l y s t .  

The f i r s t  attempt. t o  apply such a process  t o  gas p u r i f i c a t i o n  was made t o  coke 
oven gas by Audas.s I n  t h i s  case, t h e  process  was appl ied i n  reverse ,  i .e. ,  SO, was 
added t o  the  H,S-containing gas ,  and t h e  modified low temperature  Claus process  was 
conducted with condensation of t h e  s u l f u r  on t h e  alumina c a t a l y s t  and i t s  subsequent 
regenera t ion .  

Applicat ion of t h e  concept t o  f l u e  gas t r e a t i n g  was proposed by K e r r "  i n  a 
pa ten t  assigned t o  P e t e r  Spence, L t d .  I n  both t h e  Audas and Kerr processes ,  t h e  
su l fur - fouled  c a t a l y s t  is  cycled through a thermal regenera t ion  s t e p  where the  s u l f u r  
is removed by d i s t i l l a t i o n  a t  about 900-950'F. 

More recent ly ,  Pr ince ton  Research has  undertaken work t o  develop t h i s  type of 
process" under t h e  auspices  of t h e  Nat ional  A i r  P o l l u t i o n  Cont ro l  Adminis t ra t ion.  
L i t t l e  information is  a v a i l a b l e ,  however, about t h e  r e s u l t s  of t h e i r  work a t  t h i s  
time . 

The Consol idat ion Coal Company undertook eva lua t ion  of t h e  "modified Claus 
Process" i n  i t s  l a b o r a t o r i e s  s i n c e  i t  appears t o  be p o t e n t i a l l y  one of t h e  most 
a t t r a c t i v e  processes  f o r  t r e a t i n g  f l u e  gas .  The work soon showed t h a t  t h e  alumina 
c a t a l y s t  was' rap id ly  poisoned on cyc l ing  through t h e  process, l a r g e l y  due t o  formation 
of aluminum s u l f a t e .  

\ 

A two-step regenerat ion process  now under development is  descr ibed here in  which 
removes t h i s  poison and recovers  93$ of t h e  s u l f u r  a s  elementary s u l f u r  and 7% a s  
ammonium s u l f a t e .  The t a i l  gas  from t h e  process  conta ins  less t h a n  50 ppm of H,S 
and SO,. 

EXPERIMENTAL 

The apparatus  used is shown i n  F igure  2 .  A f i x e d  bed of c a t a l y s t  i s  supported 
on quar tz  chips  i n  a heated tube through which t h e  s imulated s t a c k  gas  f lows.  The ' 

gases  a r e  preheated by passage through Pyrex wool and quar tz  c h i p s .  A c e n t r a l  thermo- 
couple w e l l  wi th  a d j u s t a b l e  couple p o s i t i o n  is used t o  measure t h e  bed temperature. 
The c o n t r o l l e d  temperature is taken a s  t h e  h o t e s t  s p o t  i n  t h e  bed. Water is  added . 
t o  t h e  incoming gases  by bubbling one of t h e  gas streams through a water  bath he ld  a t  
the  proper temperature. Under t h e  condi t ions  used here, e lemental  s u l f u r  remains on 
t h e  c a t a l y s t  and t h e  t a i l  gases  pass out through a soda l i m e  t r a p  before  being 
metered. 
scrubber  t o  analyze for H,S and SO,. C a t a l y s t  bed depths of one and t h r e e  inches 
were used, and a r e a c t o r  pressure  of 810 mm Hg absolu te .  

A t  r e g u l a r  i n t e r v a l s ,  p a r t  of t h e  t a i l  gas  i s  d i v e r t e d  through an iodine 

Thermal regenera t ion  of t h e  c a t a l y s t  is  c a r r i e d  out by pass ing  n i t rogen  a t  1 t o  

The e x i t  gases  pass  through a s u l f u r  t r a p  (dot ted  l i n e  on Figure 1) and 
4 SCFH over t h e  c a t a l y s t  a s  i t  is heated above t h e  b o i l i n g  p o i n t  of s u l f u r  t o  d i s t i l l  
o f f  s u l f u r .  
then through the  iodine scrubber  t o  analyze f o r  H,S and SO, l i b e r a t e d  during s t r i p p i n g .  
The a n a l y s i s  f o r  H,S and SO, i s . b a s e d  on t h e i r  r e a c t i o n s  with iod ine  a s  was previously 
descr ibed by Doumani.' 

Three d i f f e r e n t  aluminas were used a s  c a t a l y s t s  i n  these  tests. C a t a l y s t  A is  a 
commercial dessicant  alumina which conta ins  1 .64 a l k a l i  and 2 . d  s i l i c a .  
a r e  purer ,  more expensive aluminas with p r o p e r t i e s  given i n  Table  I .  

The o thers  
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DISCUSSION (X RESULTS 

Table  I1 
s to ichometr ic  
r e a c t i o n  goes 

shows the r e s u l t s  of s h o r t  term tests a t  300'F (149OC) f e e d i k  t h e  
r a t i o :  
near ly  t o  c a n p l e t i o n  and reaches t h e  thermodynamic equi l ibr ium pre- 

H,S/SOa = 2. With n e i t h e r  oxygen or water vapor present ,  t h e  

d i c t e d  by Figure  1. With added oxygen, r e s u l t s  are near ly  equiva len t .  The presence 
of both steam and oxygen g i v e s  much poorer  r e s u l t s  ( l a s t  l i n e ,  Table  11). 
dynamic equi l ibr ium va lues  of F i g u r e  1 were not  approached i n d i c a t i n g  t h a t  t h e  presence 
of steam has a n  adverse e f f e c t  on both t h e  k i n e t i c s  and equi l ibr ium i n  t h e  Claus 
reac t ion .  Resul t s  of similar experiments t o  test t h e  e f f e c t  of oxygen and steam a t  
h igher  temperatures, i.e., 360OF, can  be seen  in Figure  3. 
t h e  r e s u l t s  in t h e  absence of oxygen, showing t h a t  a t  t h i s  temperature, the  react ion,  
a f t e r  an i n i t i a l  induct ion  p e r i o d ,  g i v e s  a t a i l  gas  having an even lower content  of 
H,S t SO, (900 ppm) than  t h e  p r e d i c t e d  thermodynamic equi l ibr ium value of 1100 ppm i n  
Figure  1. The l o w  i n i t i a l  SO? content  of t h e  t a i l  gas  is probably due t o  absorpt ion 
of SO, on t he  c a t a l y s t .  When f r e e  oxygen is present  (as it always is i n  power p l a n t  
s t a c k s ) ,  t h e  r e s u l t s  shown in the l e f t  hand h a l f  of F igure  3 are obtained.  Although 
t h e  SO, concent ra t ion  was e r r a t i c ,  t h e  r a p i d l y  increas ing  l e v e l  of H,S shows how t h e  
c a t a l y s t  became quickly poisoned.  Following t h i s  test, an apprec iab le  amount of 
s u l f a t e  was found on the c a t a l y s t .  I t  is thus  clear t h a t  undes i rab le  oxidat ion of SO, ' 

i s  tak ing  p l a c e .  

The thermo- 

The r i g h t  hand f i g u r e  g ives  

r ,  

The next  t e s t s  w e r e  made a t  t h e  lower temperatures of 212'F (l0O'C) i n  an attempt 
t o  minimize s u l f a t e  formation and t o  improve t h e  completeness of t h e  r e a c t i o n .  The 
f i r s t  c y c l e  of t h i s  test (F igure  4)  showed s u r p r i s i n g l y  t h a t  t h e  r e a c t i o n  was very 
f a s t  a t  t h i s  l o w  temperature and t h a t  near ly  s u l f u r - f r e e  t a i l  gas  could be obtained 
a t  t h i s  temperature .as  p r e d i c t e d  by t h e  equi l ibr ium curve of F igure  1. Some HaS 
breakthrough occurred i n  t h e  e a r l y  p a r t  of t h e  run and both gases  broke through due 
t o  f i l l i n g  of pores with product  s u l f u r  a f t e r  about 60 grams of s u l f u r  had been fed  
p e r  100 grams of c a t a l y s t .  During t h e  e a r l y  per iod  when cons iderable  H,S breakthrough 
wasobserved, it is noted aga in  t h a t  no SO, broke through. This again  is l i k e l y  due t o  
adsorp t ion  of SO, by t h e  alumina c a t a l y s t . I 3  
SO, is taken  advantage of i n  t h e  Audas' p rocess  prev ious ly  c i t e d .  A f t e r  t h i s  "break- 
o u t , "  t h e  r u n  w a s  stopped and the c a t a l y s t  hea ted  t o  950'F i n  a stream of n i t rogen  t o  
remove s u l f u r .  
p rocess  repeated through f o u r  c y c l e s .  
F igure  4) show t h a t  t h e  c a p a c i t y  t o  completely remove SO, had been reduced from 60 t o  
less t h a n  10 grams of  s u l f u r  f e d  p e r  100 grams of c a t a l y s t .  T h i s  l o s s  of capac i ty  
was found aga in  t o  be  due t o  format ion  of s u l f a t e  poisons even a t  t h e  l o w  temperature 
of 212'F. 
found t h a t  some s u l f a t e  is formed a t  212OF even when oxygen is excluded from t h e  f l u e  
gas .  This problem is being i n v e s t i g a t e d  f u r t h e r  a t  t h i s  t i m e .  

The adsorp t ive  capac i ty  of  alumina f o r  

The s imulated s t a c k  g a s  was then  f e d  over t h e  c a t a l y s t  aga in  and the  
Resul t s  from t h e  last c y c l e  ( r i g h t  half  of I 

. 

The o r i g i n  of t h e  s u l f a t e  is not wholly clear a t  t h e  p r e s e n t  t i m e  a s  it was 

Severa l  a t tempts  were made t o  remove s u l f u r  from t h e  c a t a l y s t  by means of organic 
so lvents ,  such as to luene  and carbon d i s u l f i d e ,  i n  order  t o  avoid the thermal s t r i p p i n g .  
Other aqueous so lvents ,  such  as ammonium hydrosul f ide  s o l u t i o n s ,  with t h e  p o t e n t i a l  of 
removing both s u l f a t e s  and s u l f u r ,  a lso wero t e s t e d .  With a l l  of these  s o l v e n t s  the 
c a t a l y s t  p a r t i c l e s  were d i s i n t e g r a t e d  or weakened so that mechanical handl ing would be 
impossible .  

The f i n a l  regenera t ion  p r o c e s s  which w a s  successfu l  i n  maintaining a c t i v i t y  
c o n s i s t s  of t w o  stages: 
2) t r e a t  t h e  s t r i p p e d  c a t a l y s t  wi th  'aqueous ammonium hydroxide t o  remove s u l f a t e s  and 
regenera te  an active alumina s u r f a c e .  

1 )  h e a t  t h e  sulfur- laden c a t a l y s t  t o  s t r i p  of f  s u l f u r ,  and 

The second s t a g e  was accomplished by dropping t h e  cooled c a t a l y s t  ( a f t e r  s t r i p p i n g )  
i n t o  about 50 times i ts  weight of  2$ NH,OH a t  75°F. 
c a t a l y s t  was removed and r i n s e d  f o u r  times wi th  d i s t i l l e d  water .  Af te r  a i r  drying, the  

c a t a l y s t  w a s  recharged t o  t h e  r e a c t o r  and heated t o  4W°F in ni t rogen  t o  remove ammonia. 

A f t e r  soaking 15 minutes, the  



I 

5 

J 

a 

Figure  5 shows t h e  r e s u l t s  of the f i r s t  and f i f t h  cyc les  u s i n g ' t h e  new t w o -  
s t a g e  c a t a l y s t  regenerat ion.  
SO, breakthrough suggests  t h a t  t h e  feed r a t i o  probably.was not e x a c t l y  a t  t h e  
s to ich iometr ic  r a t i o )  i t  is c l e a r  t h a t  a f t e r  f i v e  cyc les  t h e r e - h a d  been no de ter iora-  
t i o n .  In addi t ion ,  t h e  i n i t i a l  break-in per iod  with high H,S values  had been 
el iminated,  so t h a t  r i g h t  from t h e  s t a r t  t h e r e  was no d e t e c t a b l e  H,S or SO, u n t i l  
breakthrough a t  24 grams of s u l f u r  fed p e r  100 grams of c a t a l y s t .  The uneven 
r e s u l t s  t h e r e a f t e r  represent  a t tempts  t o  explore  t h e  e f f e c t s  of changing t h e  H,S/ 
SO, feed r a t i o  s l i g h t l y  on both s i d e s  of 2.0. 

Although r e s u l t s  of t h e  f i r s t  c y c l e  are e r r a t i c  ( t h e  

No change i n  c a t a l y s t  s i z e  or weight was d e t e c t a b l e  a f t e r  f i v e  cycles.  Af te r  
s t r i p p i n g ' o f f  s u l f u r ,  t h e  cooled c a t a l y s t  was t e s t e d  f o r  hardness i n  t h e  Hardgrove 
G r i n d a b i l i t y  Machine (A.S.T.M. Method D-409). 
s t ronger  than f r e s h  c a t a l y s t .  

The used c a t a l y s t  was s l i g h t l y  

F igure  6 shows how t h e  two-stage regenera t ion  has e l iminated t h e  poisoning 
problem. The upper graph shows how the  c a t a l y s t  capaci ty  dropped rap id ly  when o n l y  
thermal removal of s u l f u r  was used. The lower graph shows, that  capac i ty  gradual ly  
increased through f i v e  cyc les  with the  two-stage regenera t ion .  This  may be a t t r i -  
butab le  t o  p r e c i p i t a t i o n  of f r e s h  alumina i n  t h e  ammonia wash. The o v e r a l l  lower 
capaci ty  shown by t h e  lower graph is  a func t ion  of t h e  c a t a l y s t  u s e d .  
H ,  has  a pore volume of 0.77 versus  0.55 cc/g f o r  c a t a l y s t  A .  
t h a t  t h e  percentage of s u l f u r  i n  the  products  which was recovered as elemental 
s u l f u r  a l s o  gradual ly  increased from c y c l e  t o  cycle:  from 92.2 i n  Cycle 1 t o  95.0 
i n  C y c l e  5. . 

The c a t a l y s t ,  
It  i s  a l s o  noteworthy 

Based on resul ts  of Cycle 5, t h e  s teady-s ta te  s u l f u r  balance f o r  t h e  process  
would be a s  follows: 

I n  (As Gases) 

SO, i n  Stack Gas 
SO, Recycled from St r ipp ing  
H,S Recycled from St r ipp ing  
H,S Made from S Produced 

Elemental Sul fur  
S u l f a t e  
H,S 
so, 

N e t  Products  

Elemental S u l f u r  
S u l f a t e  

Percent  of Sul fur  
Fed t o  Reactors 

31.8 
1.5 
1.5 
- 65.2 

100.0 

95 .o 
2 .o 
1.5 

-LEL 
100 .o 

29.8 
2 .o 

31.8 
- 

Percent  of Sul fur  
.Fed i n  Stack Gas 

93.7 
6.3 

100 .o 
I t  should be noted t h a t  t h e  process a l s o  would handle t h e  s m a l l  amount of SO, 

p resent  i n  s t a c k  gases ,  g iv ing  a s l i g h t l y  h igher  y i e l d  of s u l f a t e .  

The authors  would l i k e  to  express t h e i r  apprec ia t ion  t o  Consol idat ion.Coa1 
Company f o r  permission t o  publ i sh  t h i s  work. 
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TABLE I 

C a t a l y s t  Analyses 

C a t a l y s t  A 
ComDosition. 

Na 11,900(') 
s i  9 , 3 4 1 )  
Fe 840 
C a  
A 1  Balance 

-- 

Surface Area m2/g 
Pore Volume, cc/g 
Bulk Density, Lb/CF 

390 
0.55 

54 

C 

5 
< 100 

40 
37 

Balance 

'200 
0.42 

H 

180 . 

280 ' 
. 560 

9,100 
Ba 1 ance 

218 
0.77 

32 

( 1 )  This  corresponds t o  24 SiO, and l.6$ Na,O. 

TABLE I1 

The E f f e c t  of Water and Oxvaen on React ion Eff ic iency  

Temperature XO°F 

Feed Gas Comas i t i o n .  V O ~  $ T a i l  Gas ComDosition. vvm 

Condit ions:  Cata lys t  C VHSV = 4200 
Red Height = 1 Inch 

soz !!a? 5 w. 2% 3 2  
0.163 0.325 0 .  0 < 50 < 50 
0.159 0.317 1.23 0 < 50 50 
0.307 0.614 2.40 6 .O 700 1400 
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Figure I 

EQUILIBRIUM COPICEI'JTRATION IN TAIL GAS 
AND PERCENT OF SULFUR FORMED WHICH 
CONDENSES vs OPERATING TEMPERATURE 

NORMAL+ 
VOL.% WET FEED DRY FEED -b 

H2S 
SO2 
H 2 0  

OTHER 

0.6 
0.3 
6.0 

93.1 

0'.6 
0.3 
0 .o 

99. I 

5Y 
+ 

800- 

Too- 

600 - 
500- 

400- 

300- 

200 220 240 260 280 300 3 x )  340 360 
TEMPERATURE , OF 

I 
700 

B 
60 a w 
I 

50a e 

Lr. 
200 



@- 

a 
W 
W a 
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Fioure 3 

THE EFFECTS OF OXYGEN AT 360°F 
CONDITIONS: CATALYST H 

TEMP 
VHSV 

360°F 
1500 

35a 

300( 

250( 

200( 

I50( 

loo( 

50C 

0 

FEED GAS: I" 
SO2 0.26 Wt.%l 
Y2S 0.52 / 
i 2 0  6.00 
N2 BAL. ./' 

I 
I 
I 

a 

1 

IO 2 
GRAMS S FED PER 
100 GRAMS OF CATALYST 

35mt FEED SO2 GAS: 0.33 Val.% 
HzS 0.66 

He0 6.00 
N2 BALANCE 

1 0 2  0 .001 

3000 

1500 - 

.E OO IO 20 

GRAMS SULFUR FED PER 
100 GRAMS OF CATALYST 
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600 

400- 

Figure 4 

CYCLE 4 

-7 
I 

I 
7"s 

DECREASE IN CATALYST ACTIVITY USING 
SI NGLE-STAGE THERMAL REGENERATION 

CON DIT ION S 

CATA LY ST H 
REACTION TEMP 212OF 
VHSV 1425 

REGENERATION IN N2 950°F 

CYCLE 1 

0 20 40 60 80 

FEED GASES: 

SO2 0.24 VOI. Yo 

0 20 40 

GRAMS OF SULFUR FED PER 100 GRAMS CATALYST 
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/ 

figure 5 
! 

CATALYST ACTIVITY USING THE 
\ CO NSOL TWO - STAG E R EG E N ERATI ON 

CYCLE 1 
CATALYST A FEED GAS 

400 .  

[ REACTION TEMP. 212°F so2 0.29 
VHSV 1500 H2S 0.58 
REGENERATION: 02 2.47 

A. 950°F IN N2 Hfl 6.00 
8. NH40H WASH AT75"F Ne BAL. 

I 

\ 

? 

I 

r a a 200 h - A 
A 
A 

v) a. 
0 BREAKTHROUGH 

W 

W 

n 

G 
E 

0 IO 20 30 i 
2 - 
2 CYCLE 5 E 300 

w E 
0 

200 
8 

IO0 

0 
0 IO 20 30 

GRAMS OF SULFUR FED PER 100 GRAMS CATALYST 
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Figure 6 

AMOUNT OF STACK GAS FED PRIOR 
TO SULFUR DIOXIDE BREAKTHROUGH 

SINGLE - STAGE REGENERATION 

CATALYST H 

I 2 3 4 

TWO - STAGE REGENERATION 
CATALYST A 

20 

10 

0 
I 2 3 4 5 

CYCLE NUMBER 
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SULFUR REMOVAL DURIKG COAmUSTION OF 
SOLID FUELS I N  A FLUIDIZED BED OF DOLOMITE 

C. W. Z i e l k e ,  H .  E .  I r b o w i t z ,  R .  T. S t r u c k ,  and E.  Gor in  

Research D i v i s i o n  
C o n s o l i d a t i o n  Coal  Company 

L i b r a r y ,  Pennsylvania  15129 

INTRODUCTION 

The n a t i o n a l  concern o v e r  a tmospher ic  p o l l u t i o n  h a s  l e d  t o  e x t e n s i v e  r e s e a r c h  and 
development on removal of s u l f u r  ox ide  p o l l u t a n t s  from f l u e  g a s e s .  There h a s  been 
c o n s i d e r a b l e  e f f o r t  i n  t h i s  regard  u s i n g  l imes tone  o r  dolomi te  t o  react w i t h  t h e  
s u l f u r  ox ides  i n  d r y ,  h igh- tempera ture  p r o c e s s e s .  I n  t h e s e  p r o c e s s e s ,  SO2 i n  t h e  
g a s e s  produced d u r i n g  combustion i s  f i x e d  as Cas04 by r e a c t i o n  wi th  CaO: 

CaO +  SO^ + 302 = Cas04 (1) 

Usual ly  t h e  raw s t o n e  (dolomite  or l imes tone)  i s  f e d  t o  t h e  p r o c e s s  and c a l c i n a t i o n  
immediately t a k e s  p l a c e  by t h e  f o l l o w i n g  r e a c t i o n :  

CaC03 = CaO + CO2 (2) 

One method.of o p e r a t i o n  h a s  involved  removal of s u l f u r  o x i d e s  by d i r e c t  i n j e c t i o n  
of l imes tone  d u s t  above t h e  b u r n e r s  of power p l a n t  b o i l e r s .  A sys tem such as t h i s  
r e q u i r e s  a minimum of new f a c i l i t i e s  and is  r e a d i l y  a d a p t a b l e  t o  e x i s t i n g  p l a n t s .  
However, t h e  removal of s u l f u r  i n  t h i s  case is c a r r i e d  o u t  i n  a r e l a t i v e l y  i n e f f i c i e n t  
and u n c o n t r o l l e d  manner. Hence, u t i l i z a t i o n  of l imes tone  i s  poor  and s u l f u r  removal 
does  n o t  exceed 50 t o  60%. An e x c e l l e n t  a r t i c l e  by t h e  Tennessee Val ley  Author i ty  
reviews work done a long  t h i s  l i n e . ( l )  

More e f f i c i e n t  c o n t a c t  between g a s e s  and s o l i d ,  a s  w e l l  as excellent tempera ture  
c o n t r o l ,  can be o b t a i n e d  by p a s s i n g  t h e  combust ion g a s e s  through a f l u i d i z e d  bed of 
lime or dolomi te .  The r e s e a r c h  r e p o r t e d  h e r e  was aimed a t  t h e  u l t i m a t e  combinat ion 
along t h i s  l i n e :  combustion of t h e  f u e l  w i t h i n  a f l u i d i z e d  bed of l i m e  or d o l o m i t e ,  
which, i n  a d d i t i o n  t o  p o l l u t i o n  c o n t r o l ,  has  g r e a t  p o t e n t i a l  f o r  reducing  b o i l e r  s i z e  
and cost by l o c a t i n g  b o i l e r  t u b e s  w i t h i n  t h e  f l u i d i z e d  bed.  ( 2 *  3 * 4 9  ') 

EXPERIMENTAL 

The e x p e r i m e n t a l  u n i t  c o n s i s t s  of a cont inuous  f l u i d i z e d  combustor, f o u r  i n c h e s  
i n  d i a m e t e r ,  w i t h  a f l u i d i z e d  bed d e p t h  of 36 i n c h e s .  The bed i s  suppor ted  on a 
p e r f o r a t e d  p l a t e  above a plenum chamber through which f l u i d i z i n g  g a s  is f e d .  F i g u r e  1 
shows t h e  arrangement of equipment f o r  f e e d i n g  and recover ing  p r o d u c t s .  The combustor 
f i t s  w i t h i n  an e lec t r ic  f u r n a c c  f o r  s t a r t u p ,  and t h e r e a f t e r ,  c o o l i n g  is provided by 
an a i r  f l o w  between r e a c t o r  and f u r n a c e .  The c y c l o n e  t o  r e c o v e r  c o a l  ash and 
dolomi te  f i n e s  is o p e r a t e d  a t  350°F, and t h e  f i l t e r  a t  150 t o  200'F. The dolomi te  
over f lowing  t h e  bed v i a  t h e  w e i r  i s  s u b s t a n t i a l l y  f r e e  of a s h .  Argon is used f o r  
purges to  f a c i l i t a t e  a c c u r a t e  a n a l y s i s  of o f f - g a s e s .  O p e r a t i n g  p r e s s u r e  w a s  8 p s i g ,  
t h e  p r e s s u r e  r e q u i r e d  t o  f o r c e  t h e  g a s e s  through t h e  recovery t r a i n  and g i v e  adequate  
c o n t r o l .  A l l  runs  w e r e  preceded by a l i n e - o u t  p e r i o d  a t  c o n d i t i o n s  i n v o l v i n g  a t  
least  3 changes of bed i n v e n t o r y .  

I n  a d d i t i o n  t o  combustion s t u d i e s  under v a r i o u s  c o n d i t i o n s  w i t h  once-through use  
of do lomi te ,  t h e  re-use of do lomi te  w a s  explored  u s i n g  $ cycles of a l t e r n a t e  
r e g e n e r a t i o n  and S02-absorp t ion .  
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The so2 a b s o r p t i o n  r u n s  wrc coiiductcd i n  a manner s i m i l a r  t o  t h c  normal combus- 
t i o n  r u n s  c x c c p t  t h a t  SO2 gas was added wi th  t h c  f l u i d i z i n g  a i r  as a major s o u r c c  of  
sulfur; coal w a s  burned to  s u p p l y  h e a t  and s u p p l y  a minor amount of s u l f u r .  The 
purpose of  adding  SO2 was to produce l a r g c  amounts of h i g h l y  s u l f a t e d  dolomi tc  i n  a 
r e l a t i v e l y  s h o r t  t i m e .  The a c t i v i t y  of  t h e  r e g e n e r a t e d  product  was measured i n  these 
r u n s  by de termining  t h e  CaO-to-S m o l  f e e d  r a t i o  r e q u i r e d  t o  produce a 20% s u l f u r  
breakthrough i n  t h e  e x i t  g a s .  The r e q u i r e d  r a t i o  was reached  by a d j u s t i n g  t h e  amount 
of  f e e d  S02; t h e  dolomi tc  r e s i d e n c e  t i m e  was h e l d  e s s e n t i a l l y  c o n s t a n t  i n  a l l  c y c l e s .  
When t h e  d e s i r e d  Ca-to-S r a t i o  w a s  r e a c h e d ,  c o n d i t i o n s  were main ta ined  c o n s t a n t  and 
t h e  u s u a l  l i n e - o u t  and b a l a n c e  were made. 

4 The r e g e n e r a t i o n  p o r t i o n  of e a c h  c y c l e  w a s  conducted  a t  1950OF wi th  CO as t h e  
r e d u c i n g  g a s  accord ing  t o  the o v e r a l l  r e a c t i o n  

/ 

CO + Cas04 = CaO + SO2 + CO2 (3) 

No s o l i d  f u e l  w a s  used i n  t h e  r e g e n e r a t i o n  r u n s .  However, e x c e s s  CO, o v e r  t h a t  r e q u i r e d  
t o  c a r r y  o u t  the r e d u c t i o n  r e a c t i o n ,  was burned w i t h  a i r  t o  supply t h e  h e a t .  The 
gas f l o w s  were f i r s t  e s t a b l i s h e d  w i t h  n i t r o g e n  b e i n g  s u b s t i t u t e d  f o r  t h e  CO c a r r i e r  
g a s .  A bed of do lomi te  was e s t a b l i s h e d  wi th  t h e  bed h e l d  a t  about  1400OF. S u f f i c i e n t  
CO w a s  t h e n  s u b s t i t u t e d  i n  p l a c e  of  an e q u a l  amount of  N2 such t h a t  t h e  bed was 
h e a t e d  t o  192S°F under a s l i g h t l y  o x i d i z i n g  atmosphere.  The remaining CO was then 
i n t r o d u c e d ,  t h e  used d o l o m i t e  f e e d  r e s t a r t e d  and t h e  u n i t  l i n e d  out a t  1950OF. 
Frequent  a n a l y s e s  o f  t h e  o f f - g a s  were made by g a s  chromatography t o  de termine  t h e  
CO/C02 ra t io .  
t h e  s u l f a t e  o b t a i n e d  i n  hydrogen peroxide  s c r u b b e r s .  

Frequent  a n a l y s e s  of t h e  SO2 c o n t e n t  of  t h e  g a s  w e r e  made by de termining  

Feeds t o c k  s 

The s o l i d  f u e l s  t e s t e d  i n  t h e  combustor  w e r e  I r e l a n d  Mine C o a l ,  Disco Char ,  and 
C r e s a p  Char .  Analyses  o f  these f e e d s  are g i v e n  i n  T a b l e  I .  I r e l a n d  mine coal i s  a 
h i g h l y  c a k i n g ,  h igh  v o l a t i l e ,  b i tuminous  coal from t h e  P i t t s b u r g h  seam. I t  i s  t y p i c a l  
of  t h e  p r o d u c t  s o l d  t o  power stations.  Both c h a r s  are from low tempera ture  carboniza-  
t i o n  p r o c e s s e s .  The Disco c h a r  was produced i n  a r o t a r y  k i l n  from a P i t t s b u r g h  seam 
coal. The Cresap  c h a r  w a s  d e r i v e d  from I r e l a n d  mine coal.  I t  w a s  produced by 
f l u i d i z e d  l o w  tempera ture  c a r b o n i z a t i o n  o f  t h e  r e s i d u e  remaining af ter  s o l v e n t  extrac- 
t i o n  of t h e  coal i n  t h e  "Project Gasol ine"  p i l o t  p l a n t  o p e r a t e d  by Consol f o r  t h e  
U. S. O f f i c e  of Coal R e s e a r c h  a t  Cresap ,  West V i r g i n i a .  

The d o l o m i t e  used is from the Tymochtee f o r m a t i o n  i n  western Ohio. T h i s  s t o n e  
w a s  chosen  because  i t  had  shown good p h y s i c a l  s t r e n g t h  and good resistance to  chemical  
d e a c t i v a t i o n  i n  COz a c c e p t o r  g a s i f i c a t i o n  s t u d i e s .  ( 6 )  
T a b l e  11. The dolomi te  t y p i c a l l y  c o n t a i n e d  0.05 t o  0.10 weight p e r c e n t  mois ture  a s  i t  
was f e d  to  t h e  u n i t .  

I t s  a n a l y s e s  are g iven  i n  

RESULTS AND DISCUSSION 

A. Runs Using Dolomite On a Once-Through B a s i s  

T a b l c  111 g i v e s  r c s u l t s  u s i n g  Disco c h a r  and Cresap  c h a r .  Disco c h a r  was used i n  
t h e  i n i t i a l  r u n s  because  i t  i s  non-caking,  thus  p r e c l u d i n g  t h e  p o s s i b i l i t y  of 
o p e r a b i l i t y  problems due  t o  coking .  Cresap  c h a r  w a s  of  i n t e r e s t  because of i t s  un- 
u s u a l l y  h igh  s u l f u r  and a s h  c o n t e n t .  T a b l e  I V  g i v e s  r e s u l t s  w i t h  I r e l a n d  coal. 
S u p e r f i c i a l  v e l o c i t y  i s  d e f i n e d  as t h e  v e l o c i t y  of t h e  a i r  feed  a t  process  c o n d i t i o n s  

velocity and f l u i d i z e d  bed d e p t h .  S t o i c h i o m c t r i c  a i r  is d e f i n e d  as t h a t  r c q u i r c d  t o  
c o m p l e t e l y  burn  carbon t o  C 0 2 ,  hydrogen to  water, and s u l f u r  to SOP. 
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1. S u l f u r  Rcmoval 
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Runs 1 through 4 of T a b l e  I11 u s i n g  Disco  c h a r  exp lo red  t h c  c f f c c t  of tempera- 
t u r e  i n  t h c  rangc of 1700-1900°F and t h e  e f f e c t  o f  r e s i d e n c e  t i m e s  of one and t w o  

5 seconds.  A l a r g e  excess  of a c c e p t o r  w a s  used  in t h c s e  runs  (Ca/S mol f eed  r a t i o  , of 7 .3  t o  8.3) wh i l c  ho ld ing  t h e  a i r  i n p u t  s u b s t a n t i a l l y  c o n s t a n t  at  120+5% Of 

I on s u l f u r  a b s o r p t i o n  which w a s  n e a r l y  complete i n  a l l  runs. 

[ wi th  I r e l a n d  c o a l  explored  t h e  e f f e c t  of Ca/S mol f e e d  r a t i o  a t  a c o n s t a n t  tempera ture  
Of 1800°F, one second g a s  r e s idence  t i m e ,  and about 120% of s t o i c h i o m e t r i c  a i r .  

’ Figure  2 shows t h e  s u l f u r  removal d a t a  f o r  t h e s e  runs p l o t t e d  as a f u n c t i o n  of Ca/S mol 
! f e e d  r a t i o .  

c e n t r a t i o n  which i n d i c a t e s  t h e  abso rp t ion  r e a c t i o n  is f i r s t  o r d e r  w i t h  r e s p e c t  t o  SO2 ’ a t  a g iven  Ca/S r a t i o .  There  is f u r t h e r  ev idence  of t h i s  in t h e  l i f e  s tudy  d a t a  which 
w i l l  be  d i scussed  l a t e r .  The re fo re ,  t h e  d a t a  wi th  Disco  c h a r  were a l s o  p l o t t e d  on 
Figure  2 ,  a l though  its s u l f u r  c o n t e n t  was lower than  e i t h e 7  t h e  Cresap c h a r  or I r e l a n d  
Coal.  I t  is apparent  from F igure  2 t h a t  a d e s u l f u r i z a t i o n  e f f i c i e n c y  exceeding  90% 
can  be  achieved  a t  Ca-to-S r a t i o s  of 2 or h i g h e r ;  a t  a Ca-to-S r a t i o  of 1 .0 ,  s u l f u r  
removal e f f i c i e n c y  was about 78%. 

s t o i c h i o m e t r i c .  Ne i the r  t h e  tempera ture  n o r  t i m e  v a r i a t i o n  had a s i g n i f i c a n t  e f f e c t  

Runs 5 and 6 of Tab le  I11 wi th  Cresap  c h a r  and Runs 7 through 10 of Tab le  I V  

S u l f u r  removal e f f i c i e n c y  appea r s  to be  independent of t h e  f e e d  s u l f u r  con- 

I I n  g e n e r a l ,  t h e s e  r e s u l t s  w i th  low Ca-to-S r a t i o s  (1.0 t o  1 .5 )  a r e  s u p e r i o r  t o  
t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  by o t h e r s  f o r  such  a c o a r s e  do lomi te  (16 x 28 mesh). 
I n  scrubbing  SO2 from f l u e  gases in a f l u i d i z e d  bed of do lomi te  a t  1600°F, Skopp(l) 
found t h a t  a h igh  CaO u t i l i z a t i o n  of 75% or more r e q u i r e d  t h a t  t h e  dolomi te  s i z e  b e  

1 6  x 28 mesh m a t e r i a l .  W i l l i a m s ,  of t h e  N a t i o n a l  Coal Board o f  England, ground h i s  
l imes tone  t o  -120 mesh b e f o r e  he g o t  c l o s e  t o  100% s u l f u r  removal at  1.5 Ca-to-S mol 
ratio. These r e s u l t s  are some of t h e  b e s t  r epor t ed .  

l f i n e r  t han  100 mesh; h i s  r e s u l t s  i n d i c a t e  CaO u t i l i z a t i o n  of on ly  50% or less with 

P o s s i b l e  r easons  f o r  t h e  s u p e r i o r  r e s u l t s  of t h i s  work would be t h e  type  of s t o n e ,  
t h e  r a p i d ,  b u t  c o n t r o l l e d  h igh  t empera tu re  c a l c i n a t i o n ,  s u f f i c i e n t  r e s i d e n c e  t ime ,  and 

d i s p e r s i o n  c a n  be seen  by comparing Run 7 of Tab le  I V  w i th  Run 11. The b a f f l e  mounted 
above t h e  f e e d  p o r t ,  shown in F i g u r e  1, w a s  employed i n  Run 11 bu t  n o t  in Run 7.  
With t h e  b a f f l e  i n  place, 93.6% s u l f u r  removal w a s  ach ieved ,  b u t  w i thou t  i t ,  on ly  
66.5% s u l f u r  removal w a s  ach ieved .  

’ good c o n t a c t i n g  of gas  wi th  t h e  abso rben t .  The importance of good contact and good 

Most workers blame t h e  poor  CaO u t i l i z a t i o n  us ing  c o a r s e  accep to r  on an impervi-  
ous s h e l l  of CaS04 which a c t s  as a d i f f u s i o n  b a r r i e r  p reven t ing  u t i l i z a t i o n  of most of 
t h e  CaO. Our r e s u l t s  i n d i c a t e  t h a t ,  under  some c o n d i t i o n s ,  t h e  s h e l l  can  be  permeated 
r easonab ly  w e l l .  
of t h e  r a d i u s  assuming s p h e r i c a l  p a r t i c l e s .  

For example, w i th  77% CaO u t i l i z a t i o n ,  p e n e t r a t i o n  i s  a t  l e a s t  39% 

I n  a l l  of t h i s  work ,  on ly  t h e  CaO f r a c t i o n  of t h e  dolomi te  h a s  been assumed to  
be  a c t i v e  as a s u l f u r  a c c e p t o r ;  t h e  MgO h a s  been assumed t o  have no a b i l i t y  f o r  SO2 
removal because  of e q u i l i b r i u m  l i m i t a t i o n s .  

2 .  Carbon Burnout 

Carbon burnout  e f f i c i e n c y  a t  1800OF wi th  one second r e s i d e n c e  t i m e  u s ing  c o a l  
f eed  was 97%. a s  t h e  d a t a , o f  Tab le  I V  show. The c h a r s  were somewhat less r e a c t i v e ,  as 
would b e  expec ted .  A t  c o n d i t i o n s  similar t o  t h e  coal r u n s ,  C r e s a p  c h a r  burnout  was 
93-94% (Runs 5 and 6 of T a b l e  111) and  Disco  c h a r  burnout  was 94% (Run 3 of Tablc  111) 
I n c r e a s i n g  t h e  tempera ture  from 1800 to  1900°F, or i n c r e a s i n g  t h e  r e s i d e n c e  t i m e  from 
one  to  two seconds  a t  1800°F, r a i s e d  t h e  burnout  of Disco c h a r  from 94 to  98 o r  97%, 
r e s p c c  t i v e l y  . 
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3. Doloml tc F i n e s  Formation 

A s u b s t a n t i a l  amount o f  t h e  f e e d  dolomi te  is degraded t o  f i n e s  undcr some 
c o n d i t i o n s .  These f i n e s  a r e  e l u t r i a t e d  from t h e  bed a long  with t h c  l a r g e  ma jo r i ty  of 
t h e  a sh  and unburned ca rbon .  F igu re  3 shows t h e  r a t e  of f i n e s  format ion  a s  a f u n c t i o n  
of t h e  Ca-to-S r a t i o  i n  t h e  bed. The o r d i n a t e  of F igu re  3 is d e f i n e d  as fo l lows:  

l b s (Ca  + h Q )  i n  Overhead F i n e s  from Dolomite x 100 
l b s ( C a  + Mg) i n  Dolomite Feed x Dolomite R e s .  Time i n  h r s .  

A t t r i t i o n  Rate %/hr  = 

I t  is apparent  t h a t  the h i g h l y  s u l f a t e d  dolomi te  is much more r e s i s t a n t  t o  s i z e  
deg rada t ion  than  t h e  l i g h t l y  s u l f a t e d  dolomi te .  A t  low Ca-to-S r a t i o s ,  t h e  r a t e  of 
deg rada t ion  i s  very l o w ,  t h a t  i s ,  about  0.5% p e r  hour.  The r a t e  of f i n e s  format ion  is 
a l s o  much h i g h e r  us ing  c o a l  f e e d  than  wi th  c h a r  f eed  f o r  some unknown reason .  Perhaps 
t h e  h i g h e r  r e a c t i v i t y  of t h e  c o a l  c a u s e s  g r e a t e r  thermal  stresses i n  t h e  p a r t i c l e s .  

4. N i t rogen  Oxides i n  t h e  Gases 

The n i t r o g e n  o x i d e s  c o n t e n t  o f  t h e  gases va ry  cons ide rah ly  from run t o  r u n ,  
i . e . ,  60 t o  340 ppm. The re  is no appa ren t  p a t t e r n  to t h e  v a r i a t i o n .  Perhaps  t h i s  is 
due t o  v a r i a t i o n  i n  t h e  rate o f  quenching  of t h e  o f f - g a s e s  which w a s  no t  c a r e f u l l y  
c o n t r o l l e d .  

B .  Dolomite L i f e  S tudy  

P o t e n t i a l l y ,  t h e  amount of new accep to r  r e q u i r e d  pe r  ton  of c o a l  can  b e  reduced 
s u b s t a n t i a l l y  by r e g e n e r a t i n g  t h e  a c c e p t o r  and r e c y c l i n g  t h e  used accep to r  back t o  t h e  
combustion process .  
t h e  a s h  and f i n e s  are s e p a r a t e d  n a t u r a l l y  by e l u t r i a t i o n  du r ing  combustion l e a v i n g  

One advantage  o f  combustion i n  a bed of c o a r s e  accep to r  is t h a t  

s u b s t a n t i a l l y  pure a c c e p t o r  f o r  r e g e n e r a t i o n  t r e a t m e n t .  To h e l p  assess t h e  p o s s i b i l i t i e s  i 
of r e g e n e r a t i o n ,  a series of c y c l i c a l  combust ion- regenera t ion  runs  was made. 
of t h e  combustion r u n s  w i t h  s u l f u r  a b s o r p t i o n  are g iven  in Tab le  V; r e s u l t s  of t h e  
r e g e n e r a t i o n  runs  are g i v e n  in T a b l e  V I .  

R e s u l t s  

1. Regenera t ion  

Regenera t ion  compr i se s  c o n v e r t i n g  the CaSO4 i n  the accep to r  t o  CaO. In t h e  
p r e s e n t  w o r k ,  t h i s  w a s  done u s i n g  CO as t h e  reducing  gas  a t  1950OF. I t  is f i r s t  of 
a l l  necessa ry  to  reduce  a p o r t i o n  of t h e  CaSO4 to  Cas by t h e  r e a c t i o n  

1/4 CaSO4 + CO = 1/4 CaS + C02 (4) 

The ra t io  of CO2 to CO in t h e  e x i t  g a s  needs  to  b e  n e a r  t h a t  which cor responds  t o  
e q u i l i b r i u m  f o r  t h e  above r e a c t i o n  so as t o  p rov ide  f o r  t h e  co -ex i s t ence  of Cas04 and 
Cas. 
23 times g r e a t e r  than  t h a t  in a f l u e  g a s  from burn ing  a 4% s u l f u r  f u e l ,  making i t s  
recove ry  much easier. S u l f u r  r e j e c t i o n  then  o c c u r s  by t h e  r e a c t i o n  

The c o n c e n t r a t i o n  o f  SO2 i n  t h e  o f f -gas  from r e g e n e r a t i o n  i n  c y c l e  1 was about 

114 CaS + 3/4 Cas04 = CaO + SO2 (5) 

The o v e r a l l  reaction c a n  b e  r e p r e s e n t e d  by t h e  equa t ion  

CaSOq + CO = CaO + C% + SO2 

AH = +59.2 Kcal/mol 

(6) 

S i n c e  t h e  o v e r a l l  r e a c t i o n  is endothermic ,  excess  CO o v e r  t h a t  r equ i r cd  t o  c a r r y  o u t  
t h e  r e d u c t i o n  o f  CaSOq w a s  burned t o  p rov ide  t h e  h e a t  to  conduct t h e  r e g e n e r a t i o n  a t  
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1950’F. A t  1950°F and 1.5 a tmosphcr ic  p r c s s u r e .  t h c  e q u i l i b r i u m  cont icn t ra t ion  o f  
So2 i n  thc gas is  1 2  m o l  X .  T h i s  providcd adcquate  d r i v i n g  f o r c c  s i n c c  t h e  maximum 
c o n c c n t r a t i o n  of SO2 i n  t h e  gases produccd w a s  7.10’5. 

I t  w a s  found t h a t  b e s t  r e s u l t s  were o b t a i n e d  wi th  t h e  e f f l u e n t  gas s l i g h t l y  
r i c h e r  i n  CO than t h e  e q u i l i b r i u m  C02-to-CO rat io  o f  46 ,  i .e . ,  2 3  t o  30. Higher  or 
lower r a t i o s  gave lower s u l f u r  r e j e c t i o n .  
l i s h e d ,  r e j e c t i o n  of 93% or more of t h e  s u l f u r  w a s  ach ieved .  I n  Runs 3 and 4 ,  an  
e r r o n e o u s l y  l o w  CO c o n c e n t r a t i o n  w a s  used and s u l f u r  r e j e c t i o n  w a s  poorer .  

When t h e  a p p r o p r i a t e  COz/CO ra t io  was estab- 

A small  amount of COS i s  produced as shown i n  t h e  gas ana lyses .  The con- 
c e n t r a t i o n . c o r r e s p o n d s  roughly t o  t h a t  a t  e q u i l i b r i u m  f o r  t h e  r e a c t i o n  

Cas + C02 = CaO + COS (7) 

Kp = 0 = ,00037 a t  1950QF(6) 
( C W  

I n  p r i n c i p l e ,  t h e  r e g e n e r a t i o n  c o u l d  be  c a r r i e d  o u t  i n  a similar f a s h i o n  i n  a 
s i n g l e  stage by burn ing  c o a l  or c h a r  w i t h  a d e f i c i e n c y  of  a i r  accord ing  to  t h e  o v e r a l l  
e q u a t i o n  

cas04 i c + 302 = CaO +  SO^ + C O ~  

Fusion o f  a s h ,  of c o u r s e ,  may b e  a problem i f  t h e  r e a c t i o n  is to  b e  c a r r i e d  o u t  a t  
190O0F or more .s ince  the a s h  f u s i o n  tempera ture  is lowered under  the r e d u c i n g  c o n d i t i o n s  
n e c e s s a r y  to  c a r r y  o u t  t h e  s u l f u r  r e j e c t i o n .  

( 8 )  

2. S u l f a t i o n  

The r e s u l t s  of  t h e  s u l f a t i o n  (SO2 a b s o r p t i o n )  r u n s  are g i v e n  i n  T a b l e  V. 
These  r u n s  were conducted i n  much t h e  same way as t h e  once-through combust ion runs  
except t h a t  SO2 gas was added in order to r a p i d l y  produce l a r g e  amounts of  t r e a t e d  
d o l o m i t e  f o r  t h e  c y c l i c a l  l i f e  s t u d y .  
20% breakthrough of  s u l f u r  i n  the gas, i . e . ,  80% a b s o r p t i o n .  The Ca/S ra t io  o b t a i n e d  
t h e n  was t h e  measure of d o l o m i t e  a c t i v i t y .  I t  i s  a p p a r e n t  from t h e  r e s u l t s  that&SO% 
a b s o r p t i o n  w a s  o b t a i n e d  i n  a l l  c y c l e s .  I n  c y c l e  1, w i t h  f r e s h  d o l o m i t e ,  a 0.95 Ca/S 
mol f e e d  ra t io  gave 79% s u l f u r  a b s o r p t i o n .  T h i s  p o i n t  f a l l s  approximate ly  on t h e  
c u r v e  of F i g u r e  2 ,  again showing t h a t  t h e  a b s o r p t i o n  r e a c t i o n  is f i r s t  o r d e r .  

The SO2 c o n t e n t  o f  t h e  g a s  was a d j u s t e d  t o  $:>e 

The a c c e p t o r  a c t i v i t y  as l i s t e d  is based  o n l y  on t h e  CaO i n  t h e  f e e d  and n o t  
t h e  CaSOq s i n c e ,  i n  c y c l e s  3 and 4 ,  r e g e n e r a t i o n  wasn’ t  as complete  as d e s i r e d .  

3. Dolomite L i f e  

The a c t i v i t y ,  a ,  o f  t h e  d o l o m i t e  s u l f u r - a c c e p t o r  f rom c y c l e  to  c y c l e  was 
measured as t h e  f r a c t i o n  of  a v a i l a b l e  ca lc ium which would absorb  s u l f u r  w h i l e  maintain-  
i n g  20% breakthrough of S02. T h i s  i s  c a l c u l a t e d  from the spent  a c c e p t o r  a n a l y s i s  on 
a mol b a s i s :  CaSOq/(CaO + CaS04). F i g u r e  4 shows how t h e  c a p a c i t y  ( a c t i v i t y )  of t h e  
d o l o m i t e  decreased  wi th  t h e  number of  c y c l e s ,  n ,  o f  a b s o r p t i o n  and r e g e n e r a t i o n .  

Curran,(gS t h e  e f f e c t  of r e c y c l i n g  dolomi te  h a s  bcen c a l c u l a t e d  as a f u n c t i o n  of t h e  
ra te  of r c c i r c u l a t i o n .  F i g u r e  5 shows t h i s  r e l a t i o n s h i p .  The o r d i n a t e  of  F igure  5 is  
t h e  ra t io  of t h e  pounds of  f r e s h  dolomitc f c e d  i n  t h e  once-through p r o c e s s  t o  t h a t  i n  
t h e  r e g e n e r a t i v e  p r o c e s s ,  w i t h  t h e  amount and c f f i c i c n c y  of s u l f u r  d i o x i d e  pick-up 
h e l d  c o n s t a n t .  By going  to  h igh  r e c i r c u l a t i o n  rates o f  r e g c n c r a t c d  a c c c p t o r ,  t h e  
makeup ra te  of f r c s h  a c c c p t o r  can  b c  k e p t  q u i t c  l o w .  

i n g  t h e  composite a c t i v i t y  f o r  a per fec t ly-mixed  bed as d e s c r i b e d  by 
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Frcsh  d o l o m i t c  makcup ratc i s  u s u a l l y  c o n t r o l l c d  by a c t i v i t y  l o s s ' s i n c c  
d c c r c p i t a t i o o  loss is g e n e r a l l y  s m a l l .  
w a s  9.43% or about  1 .54 p e r  c y c l c .  The avcrage  ra te  o f  d e c r e p i t a t i o n  w a s  O.39%/hr 
d u r i n g  r c g c n c r a t i o n  and O.G7E/hr d u r i n g  combustion. D i s c a r d i n g  t h c  a t t r i t i o n  r e s u l t s  
from c y c l c s  3 and 4 ,  which look  c r r o n c o u s l y  h i g h ,  t h e  ra te  d u r i n g  combustion was 
0.42E/hr. Thus,  it is a p p a r c n t  t h a t  makeup requi rements  due t o  a t t r i t i o n  are probably 
not  more than  lZ/cyc le .  

T o t a l  loss as f i n e s  ovcrhcad  i n  6; c y c l c s  

COKMERCI AL IMPLICATIONS 

The r e s u l t s  of t h i s  w o r k  s u g g e s t  two b a s i c  p r o c e s s e s :  1) a p r o c e s s  where dolo-  
m i t e  is used on a once- through b a s i s  and d i s c a r d e d ,  or 2) a p r o c e s s  i n  which t h e  
d o l o m i t e  is r e g e n e r a t e d  and r e u s e d .  The f i r s t  p r o c e s s  would r e q u i r e  at least 0.25 t o n  
of do lomi te / ton  of coal f e e d  o f  4% S. The second p r o c e s s  c o u l d  r e q u i r e  0.05 ton o r  
less of d o l o m i t e  p c r  t o n  o f  coal f e e d .  The cost  of  r e g e n e r a t i o n  could  be p a r t i a l l y  
o f f s e t  by r e c o v e r i n g  e l e m e n t a r y  s u l f u r  from t h e  s u l f u r - r i c h  r e g e n e r a t i o n  of f -gas .  I f  
a r e l a t i v e l y  p u r e  l i m e s t o n e  c o u l d  be  found t h a t  h a s  t h e  same a c t i v i t y  as t h e  dolomi te ,  
t h e  s t o n e  requi rements  c o u l d  be c u t  s u b s t a n t i a l l y  because  of t h e  g r e a t e r  CaO c o n t e n t  
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TABLE I 

i 

ANALYSES OF CHAR AND COAL FEEDS 

Disco Cresap I r e l a n d  
Char C h a r  Coal 

Mois tu re ,  \Vt.g', 

Proximate A n a l y s i s ,  Dry B a s i s ,  \'It.% 

V o l a t i l e  Ma t t e r  
Fixed Carbon 
Ash (Ex. mine ra l  s u l f u r )  

I 

-1 
Elemental  A n a l y s i s ,  Dry Basis, W t . %  

H 
C 

0 ( D i f f . )  
S 

rj 
! N 

T 

.I Btu / lb  MF F u e l ,  Net 
J 

Ash Fusion Temp., OF (Oxid. A t m . )  

I n i t i a l  Deformation 
S o f t e n i n g  
Hemispheric 
F l u i d  

Screen S i z e ,  T y l e r  Mesh 

3.65 1 . 1 5  1 . 3 0  

20.77 14 .34  39.84 
66.24 60.99 52.60 
12.99 24.67 12.67 

3.28 1 .65  4 .81  
70 .81  63.08 69.25 

1 .42  1 . 5 5  1.37 
10 .53  4.60 8 . 9 4  

1 .72  6.20 4.15 

11845 10350 12840 

2040 1920 1950 
2120 2020 2020 
2270 2200 2140 
2360 2360 2320 

28 x 150 28 x 200 28 x 150 
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TABLE. I1 

ANALPSIS OF TYMOCHTEE FEED DOLOhlITE 

Weight, % 

Unaccounted for 

27.93 

18.56 

.41 

1.40 

1.64 

44.87 

5.19 

SCREEN ANALYSIS, TYLER MESH 

On 14 

16 

20 

24 

28 

35 

-35 

Raw d r y  stone/fully calcined stone, w t .  rat io  = 1.814 

Ca/hlg, mol r a t i o  - 1 .08  

0 

1 .0  

39.1 

33.9 

24.7 

1 .2  

0 . 1  
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TADLE I11 

Acccp t or :  

.Inlet Gas: 

P r e s s u r e  

Run S o .  

RESULTS C'ITII C1IA.R lTEI)STOCliS 
A N 3  OSCE -TI IROlIGl I DOLOYITE 

, Fuel  
: Bed Tcmpcraturc ,  O F  

Ca/S mol f e e d  r a t i o  
S u p e r f i c i a l  v e l o c i t y ,  f p s  !. 

S t o i c h i o m e t r i c  a i r ,  % 
I: Fuel f e e d  r a t e ,  l b / h r  

Ratv do lomi te  f e e d  r a t e ,  l b / h r  
1 Run l e n g t h ,  h r .  
1 G a s  r e s i d e n c e  t ime,  s c c .  

? 

1 

16 x 28 incsh raw Tymochtec 

100% a i r  

8 p s i g .  

do lomi te  

1 2 3 4 5 6 ------ 
-Disco Char - 
1700 1800 1800 1900 
7.3 7.9 8.3 8.0 
1.5 1.5 - 
llG 118 120 121 
1.27 1.19 2.34 2.23 
1.00 1.01 2.09 1.90 
30 28 32 29 
2.0 2.0 4 

t C r e s a p  Char+ 
1800 1800 
4.2 2.0 

3.0 - 
125 118 
2.46 2.62 
4.05 1.99 
38 33 

1.0 .- 

I 

R e s u l t s  i -  

Fe,ed sulfur removcd, % 100.0 97.9 98.2 99.0 94.5 90.7 

Carbon b u r n o u t ,  % 95.8 98.3 94.4 97.1 93.8 93.2 
Lb. d u s t  overhead/ lb .  f u e l  f c d  0.165 0.159 0.284 0.267 0.304 0.278 

1 S u l f u r  i n  e f f l u e n t  a c c e p t o r ,  \\'t.g 3.12 2.70 2.51 3.39 5.27 9.40 

Dolomite overhead as d u s t ,  :C 7.3 9.4 23.6 24.5 3.8 1.8 

D r y  E x i t  Gas, h l o l  5 

Q32 

02 

so2 
so, 

co 

N? + A 

16.3 16.8 . 1 9 . 2  20.6 16.5 16.1 

4.1 3.7 5 .o 4.1 5.2 4.7 
79.G 79.5 75.8 75.3 78.3 79.1 

0.00 0.00 0.00 0.00 0.01 0.01 

o.oooo n.oo:<i n . o w t i  0.0015 o.o.no 0.0936 
0.024 0.027 0.013 0.027 o.oocio 0.0103 
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TABLE I V  

RESULTS \VITIf COAL FEEDSTOCKS 
AND ONCE-THROUGII DOLOMITE 

Acceptor :  16 x 28 m e s h  r a w  Tymochtee 

I n l e t  Gas 100% air  
P r e s s u r e ,  psig 8.0 
S u p e r f i c i a l  v e l o c i t y ,  f p s  3.0 
Tempera tu re ,  .a F 1800 
S u p e r f i c i a l  g a s  

r e s i d e n c e  t i m e ,  sec. 1.0 

do lomi te  

Run No.  

Ca/S, mol f e e d  ratio. 
S t o i c h i o m e t r i c  a i r ,  % 
C o a l  f e e d  rate,  l b / h r  
R a w  do lomi te  f e e d  rate, l b / h r  
Run l e n g t h ,  h r  

R e s u l t s  

Feed s u l f u r  removed, % 
S u l f u r  i n  e f f l u e n t  a c c e p t o r ,  w t . %  
Carbon burnout ,  % 
Lb t o t a l  d u s t  overhead/ lb  f e e d  c o a l  
Dolomite overhead as d u s t ,  

Dry E x i t  Gas,  Mol % 

co2 

02 

so2 . 
NO, 

co 

N2 + A 

4.03 1 .89  1 .45  .95 3.68 
122 115 119 120 120 

2.15 2.27 2.20 2.18 2.19 
2.25 .94 .70 .46 2.09 

36 5 3  85 113 38 

93 .6  88.5 87.0 74 .1  66.5 
5.00 8.62 10.93 12.59 2.99 
97.5 96.7 96.9 91.1 97.5 
.254 .162 .157 .136 .258 
20.9 21.6 14.7 11.4 17.6 

15.5 14.8 13.9 14.2 14.8 
.02 .01 0 00 * 00 .08 
4 . 3  4.0 4.7 4.6 4 .3  

80.2 81.2 81.4 81.1 80.7 
.0205 .0334 ,0370 .0726 .110 
.0116 .0044 ,0152 .0090 .034 
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TABLE V 

CONDITIONS AND RESULTS 

I N  DOLOMITE LIFE STUDY 
OF COAU3USTION RUNS WITH SO2 ABSORPTION 

Bed tempera ture ,  OF 
P r e s s u r e ,  ps ig  
Fue 1 
Fue l  f e e d  r a t e ,  l b / h r  
Dolomite f e e d  

S u p e r f i c i a l  i n l e t  gas v e l o c i t y ,  f p s  
S u p e r f i c i a l  g a s  r e s i d e n c e  time, s e c .  
Nominal pe rcen t  of s t o i c h i o m e t r i c  a i r  

C y c l e  Number 

Dolomite f e e d  r a t e ,  l b / h r  , 
Dolomite r e s idence  t i m e ,  h r  
I n l e t  gas  composi t ion 

A i r ,  SCFH 
SO2, l b / h r  

CaO/S mol f e e d  r a t i o  

R e s u l t s  

Feed S absorbed,  % 
S i n  e f f l u e n t  a c c e p t o r ,  Wt.% 
Carbon burnout ,  % 
Acceptor  a c t i v i t y ,  

Feed do lomi te  overhead as d u s t ,  % 
~asOq/(CaO+ cas041 

Dry E x i t  Gas, Mol% 

Balance C losu rcs  ' 

hlass 
S 
CaO 

1800 
8 

1.79  
To f i r s t  c y c l e :  raw, 16 x 28 mesh 
To succeeding c y c l e s :  r egene ra t ed  

m a t e r i a l  from p rev ious  c y c l e  

-28 mesh I r e l a n d  c o a l  

3 .O 
1.0  
120 

10.2 5 .8  5 . 7  6 . 0  6.0 5 .7  5 . 6  
1 .09  1.15 1.14 1.11 1 . 2 5  1 . 2 1  1.11 

3.34 
3 .29  2 .19  1.56 1 .56  1.24 1.26 1.08 
.953 1.38 1.86 1.86 2 .25  2.27 2.62 

79.3 80.4 80.2 78.7 77.6 79.3 80.6 
14.27 11.41 9.02 9.70 8 .43  7.64 7.13 

97 .1  97.5 9 6 . 4  97.1 96.4 96 .4  97.0 

.770 .540 .382 .400 .SO6 .313 .284 
1.02 .71 1 . 5 0  1.42 .25  .25 .21 

18.4 12.6 12.7 12.5 12.2 12 .3  13.1 
0.40 .16 .29  .35 , 10 . 1 4  .18 

4.4 5.0 5 . 6  5 .7  5 .9  5 . 8  5.2 
75.7 81.2 81.1 80 .9  81.2 81.2 81.1 
1 . 2 1  .89 .66 .70 .61 .57 .44  

9G.7 97.2 97 .2  96 .6  97.2 96.G 98.4 

109.0 100.0 102.5 103.2 116.6 .101.7 109.5 
95.5 94.3 92.0 91 .1  93.3 95.G 96.2 



TABLE V I  

COSDITIOSS AVD RESULTS 
OF REGESERATIOX RUNS 

I N  DOLOUITE LIFE STUDY 

Bed t e m p e r a t u r e ,  OF 1950 
P r e s s u r e ,  p s i g  8 
S u p e r f i c i a l  i n l e t  gas  v e l o c i t y ,  f p s  2 
S u p e r f i c i a l  g a s  r e s idence  t ime,  sec. 1.5 

Cycle  Number 

Spent  do lomi te  f e e d  r a t e ,  l b / h r  
Dolomite bed r e s idence  t i m e ,  h r  

I n l e t  g a s  composi t ion,  mol % 
A i r  
Added N2 
co 

Feed S 
Excess  CO a f t e r  combust ion,  mol r a t i o  

R e s u l t s  

F r a c t i o n  of Cas04 c o n v e r t e d  t o  CaO 
S u l f a t e  S i n  e f f l u e n t  a c c e p t o r ,  Wt.% 
S u l f i d e  S i n  e f f l u e n t  a c c e p t o r ,  Wt.S 
Feed do lomi te  overhead a s  d u s t ,  Wt.5 

Dry  Exi t  Gas, 1101 7‘0 

co2 

02 

so2 

co 

h’2 + A 

cos 

Balance Closures ,  (Out) ( 1 0 0 ) / I n  

Mass 
S 
CaO 

1 2 3 4 5 6 

8.82 8 .20  7.23 6.83 6.98 7.12 
1 .62  1.70 1 .78  1.79 1.83 1 .78  

44.6 44.6 44.2 44.2 44.2 44.2 
30.3 31 .6  3 4 . 3  35.2 , 34.0 33.9 
25 .1  23.8 21 .5  20.6 21.8 21.9 

.98 .94 .75 .58 .97 1.08 

------ 

.966 .932 .E16 .695 .932 .940 
‘ .95 .68 2.28 3.53 .56 .51 

.03 .40 .OO .OO .20 .07 , 

1 .86  .75 .33 .25  .3a .so 

23.4 22.2 20.5 19.9 20.9 21.0 
.78 .78 .56 .50 .91  .90 
.09 .13 .15 .42 .27 .33 

68.6 71.6 75 .0  76.4 74.3 7 4 . i  

.02 .03 .01  .01  - 0 3  .03 
7.10 5.12 3.78 2 . 8 4  3 .53  3.03 

98.1 98.8 99.9 100 .1  96.3 101.2 
104.4 97 .5  108.9 105.3 102.2 98 .5  

97.6 91.6 100.2 95.0 95.3 99.0 



(1: w 



w 

3 
v) 

d 
0 



27 

I 



a 

w 



ACCEPTOR LIFETIME IN A CONTINUOUS 

4 

3 

2 

I 
I 2 3 4 5 6 7 

RATE OF CaO CIRCULATED 
RATE OF CaO FED l'0 A ONCE THROUGH PROCESS 



3ii 

HYDROGEN SULFIDE REMOVAL FROM HOT PRODUCER ' 
GAS WITH SINTERED ABSORBENTS 

F o r r e s t  G. Shultz and John S.  Berber  

U. S .  Department of the Interior,  Bureau of Mines, 
Morgantown Coal Research Center,  Morgantown, W. Va. 26505 

Gas producers have been receiving attention in recent years  a s  a potential 
source of clean, pressur ized  gas for  a variety of industrial  purposes.  Removal 
of H2S (hydrogen sulfide) f rom the hot producer gas  is of interest  because hydro- 
gen sulfide is an a i r  pollutant, deter iorates  equipment, and removal while st i l l  
hot should be less  costly. 

Temperature of the producer gas  to be t reated f o r  H2S removal ranges from 
1 ,  000" to 1,  500" F. 
for power generation, the H2S must  be removed near  the generation temperature 
of the gas .  This precludes the use of liquid absorbents and l imits the process  to 
the use of solid absorbents that  can react  with H2S a t  elevated temperatures.  The 
mater ia l  should a l so  be regenerable for reuse  through severa l  cycles of H2S 
absorption followed by air regeneration. 

To economically utilize the sensible heat of producer gas 

Literature on producer gas  cleanup in the 1,000'  to 1,500'  F range is quite 
limited. 
between 68" and 1,292 '  F with -16 + 100 mesh  i ron oxide, including data on static 
and fluidized beds between 617' and 752' F (3). 
space velocity (gas volume per  absorbent volume per  hour)  of 100 and fluidized 
beds a t  3, 000 vol/vol/hr.  
unit weight of absorbent was obtained a t  higher temperatures  and H2S removal 
efficiency was 95 to 99. 9%. 
f o r  treating 32 million cubic feet  of coke oven gas p e r  day (2). 
absorbent in a fluidized bed operating a t  680" to 752' F. 
tion of the plant was satisfactory,  troublesome accumulations of fine oxide dust 
reportedly were experienced in various par t s  of the plant. 

Information is available on the desulfurizhtion of industrial gases 

Static beds were tested a t  a 

An absorption capacity of 3070 by weight of sulfur per  

A full-scale operating plant was built with a capacity 
Iron oxide was the 

Although overall  opera- 

i 

I 

This paper gives resu l t s  of a Bureau of Mines investigation of prepared 
solids for their capacity to remove H2S f rom hot producer gas.  
were (1)  a sintered mixture  of fe r r ic  oxide (Fe2O3) plus fly ash ;  ( 2 )  pumice stone 
coated with fused f e r r i c  oxide ( F e 2 0 3 ) ,  and (3 )  sintered pellets prepared from red  
and brown muds--aluminum refining residues that contain large amounts of 
F e 2 0 3 .  

APPARATUS AND PROCEDURE , 

Solids utilized 

I 

Bench-scale apparatus utilized in this study is shown in Figure 1. Gases 
f r o m  cylinders of nitrogen. hydrogen, hydrogen sulfide, carbon monoxide, and 
carbon dioxide were metered  to form a s t ream of simulated producer gas devoid 
of ash  and t a r s  and containing approximately 1 . 5  volume percent H2S. The per-  
centage of other constituents is l isted on the flowsheet (fig. 1 ) .  

1 
I 



- .  
J !  

Simulated producer gas  was passed through a bed of the tes t  absorbent con- 

Alumina spheres  in the bottom 22 inches of the 
tained in an  electrically heated section of 1-inch diameter  by 5-feet long, 
schedule 40 stainless-steel  pipe. 
pipe extended 1 0  inches into the hot zone of the furnace. 
the absorbent bed and preheated the gas.  Regeneration facil i t ies,  shown in the 
center right portion of the flow sheet, consisted of a n  air supply with pressure  
regulator and flow meter .  
vented through a common system. Fifteen-inch depths of absorbent were sub- 
jected to a gas flow rate of 15 scfh ( 7 .  08 l i t e rs  pe r  minute),  which is equal to a 
space velocity of 2 ,  000. Hydrogen sulfide concentration in the simulated pro- 
ducer gas was controlled to equal 20. 6 to 22.9 m g / l  (mg/ l  x 43.7 = grams/100 
cu ft) .  Experiments were conducted a t  1 ,  O O O " ,  1 ,  250", and 1 , 5 0 0 "  F.  The runs  
were terminated when the HzS concentration in the effluent gas s t ream of the tes t  
bed, originally near  zero,  reached 2 .  3 mg/ l .  Sulfur capacities of the absorbent 
were calculated from the product of H2S concentration, flow r a t e ,  and t ime dura- 
tion of the tes t .  

These spheres supported 

Purified producer gas and the regeneration gas  were 

1 

ANALYTICAL METHODS 

Hydrogen sulfide concentration of the gas s t ream was determined by the 
Tutwiler me,thod (1) and verified by chemical detection tubes and gas chromatog- 
raphy. Reasonable agreement was found between the different methods. Absor- 
bent was regenerated by passing an  a i r  s t ream through the tube at 1 ,  000"  to 
1 ,  500" F.  During the f i r s t  several  tes ts ,  SOz l iberated during regeneration was 
absorbed in 2. 5 N caustic soda solution, a n  aliquot was  acidified with HCL, and 
t i trated to a s tarch end point with iodine. The weight of sulfur regenerated was 
calculated and compared with the calculated weight of sulfur absorbed to deter-  
mine the e r r o r  in the sulfur balance, These balances usually checked within 20%. 
P a r t  of this variance is explained by the fact  that during regeneration some of the 
sulfur was evolved in elemental  form and collected in the fi l ter  a t  the effluent end 
of the reaction tube, and thus was not measurable. Later ,  SO2 concentrations 
were measured by means of impregnated silica gel detection tubes. 

ABSORBENTS 

Several  commercial  absorbents were tested f i r s t ,  but they did not give 
satisfactory resul ts ,  a l l  of them disintegrating in the temperature  range used. 
Included among these were chromium-promoted i ron  oxide, calcined pellets of 
dolomite, and alkalized alumina pellets. Seeking more  satisfactory absorbents,  
several  other mater ia l s  were prepared for investigation. 
sisted of a mixture of fly ash ( -4  t 6 mesh)  f rom a bituminous coal-burning 
power plant (Table 1 )  and pure Fe2O3. 
water  was added, and pellets were formed and sintered a t  about 1 ,800"  F. 
were also made with sintered taconite and sintered (pure)  Fe203.  

The f i r s t  mater ia l  con- 

F ly  ash and oxide were thoroughly mixed, 
Tests 

The second prepared absorbent consisted of granular pumice stone.(  - 4  f 8 
mesh ,  Table 2 )  impregnated with 99+% pure Fe2O3. 
coated with the oxide a s  follows: moistened granules were placed in a tumbler,  
dry oxide was added and the mixer  was operated until a fair ly  uniform coating of 
the granules was observed. These were then heated at  1 ,500"  F for 2 hours to 
bond the two mater ia ls .  

Pumice stone granules were 

Some shrinkage occurred during the heating, but the 
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granules remained porous and the oxide adhered well to the pumice stone. 
sive shrinkage and loss  of porosity occurred when the absorbent was heated a t  
1 ,900"  F. 

Exces- 

The third ma te r i a l  consisted of red or  brown mud residues from aluminum 
refining. 
to powder before use.  The powder was moistened with enough water to form a 
putty-like mater ia l  that was  formed into 114-inch spheres ,  predried at  500" F, 
then heated a t  2, 000" F for  10 to 20 minutes to produce a hard pellet. 
analyses of the muds a r e  given in Table 3. 

ABSORPTION TESTS 

They were  received in powder o r  lump form,  the latter being reduced 

Chemical 

Results of t es t s  with these mater ia ls  a r e  given in Table 4. The f l y  ash 
(7570) and Fez03 (25700) formed a pellet with high sulfur-absorption capacity that 
did not disintegrate a t  the tes t  conditions. Tests 1 through 10 give the absorptive 
capacity of this fly a sh -Fe203  mixture through nine H2S absorption-air regenera- 
tion cycles.  
at tr i t ion of the pellets. 
tes t  because the pellets either disintegrated o r  the mater ia ls  fused. 

The data show that there is  no loss  in absorptive capacity nor any 
Absorbents with m o r e  than 37% Fe203  were difficult to 

Compositions and resu l t s  obtained with pumice stone coated with fe r r ic  
oxide a r e  listed in Table 5 and Figure 2. 
dency to disintegrate,  and showed some tendency to fuse into larger  particles.  

This mater ia l  did not exhibit any ten- 

Results obtained with the muds a r e  listed in Table 6. Red mud No. 1 
formed a very durable pellet  and had the highest capacity of any mater ia l  tested. 

Figure 3 shows sulfur capacities of the mater ia ls  that did not disintegrate 
or  fuse and appeared suitable a s  H2S absorbents.  

REGENERA TION OF ABSORBENTS 

During regeneration of absorbents,  al l  a t  space velocities of 2,000 calcu- 
lated at  standard conditions (68"  F and 1 atmosphere p re s su re ) ,  instantaneous 
SO2 concentrations were  measured  by chemical detection tubes. E r r o r  in the 
sulfur balance amounted to about 15% o r  less  when the regeneration temperature 
was 1 , 0 0 0 "  o r  1 ,250"  F. When regeneration was attempted a t  1,500'  F, the 
ma te r i a l  fused into a m a s s  that could not be regenerated. 
to be the optimum temperature  for regeneration of these types of absorbents. 
Release of heat f rom the exothermic regeneration reaction i s  sufficient to 
increase the bed temperature  about 400" F. 

About 1 , 0 0 0 "  appeared 

Complete regeneration of absorbents appears impractical;  a few parts  per 
million of SO2 were  measurable  even after 80 hours  of regeneration. Regenera- 
tion proceeds at  a high ra te  (6  to I D  volume percent S02) for the f i r s t  30 to 50 
minutes of regeneration. drops to about 1% by volume after 1 hour, then rapidly 
decreases  and slowly approaches zero.  Figure 4 is a plot of SO2 concentrations 
..e.."..- - ~ * " - "  ti-..- CY..., for  t..r+- 4.. - A -  . * l r i~ . I  1. 4. -.e absoiptien t expe ra tx res  wcrc 1, OOO", 1 ,  250", 
and 1 ,500"  F, and the regeneration temperature was 1,000" F. 
sulfur regenerated in any of these three tes t s  during the f i r s t  hour was a t  least  
8070 of the total that was regenerated. 

The weight of 

Tests  18 and 19 (Table 4) were conducted 



with a regeneration temperature of 800" F. This temperature was adequate to 
rapidly regenerate the pellets of test 18 with a low sulfur content of 8. 1 wt-pct, 
but did not achieve a fas t  regeneration in tes t  19 in which the pellets had a high 
sulfur content, 3470. Pellets with a low sulfur content (1070 o r  l e s s )  appeared to 
regenerate more quickly than pellets with a sulfur content of 30% o r  more ,  indi- 
cating that regeneration should be started before the absorption capacity limit is  
attained. 

DISCUSSION 

Mixtures of 75% fly ash-25% Fe203 gave absorption capacit ies ranging from 
8. 1% by weight of sulfur a t  1, 000" F to 42.7% at  1 ,  500" F. 
40% pumice and 60% F e z 0 3  showed sulfur capacit ies of 23. 370 at 1 ,000"  F to 
30.6% a t  1 ,500" F.  
t ies  ranging from 16. 0% at  1 ,  000" F to 45. 1% at  1 ,  500" F.  

Pel le ts  containing 

The most  effective absorbent was a red mud having capaci- 

Spectrographic analysis of reaction products revealed the formation of 
troilite (FeS) .  
(Fe2S3) and pyrite (FeS2) a s  products of the reaction. 
define precisely the stoichiometry because of the numerous f o r m s  in which iron 
sulfide can occux. The reaction is  complicated further by the existence of other 
metal  oxides in the absorbent that may or  may not absorb H2S under the tes t  con- 
ditions investigated. 

Stoichiometric calculations indicate the formation of fe r r ic  sulfide 
No attempt was made to 

Possible methods of recovering the sulfur contained in the SO2 during 
regeneration a r e  the catalytic conversion to SO3 with subsequent production of 
sulfuric acid, o r  the reaction of the SO2 with some of the producer gas  over a 
suitable catalyst  to form elemental sulfur. 

Gas chromatographic analyses of both influent and effluent gas  s t reams 
were made (when using sintered fly ash-ferr ic  oxide) to determine if r ear range-  
ment of the gas composition occurs  and to determine if gaseous sulfur compounds 
a r e  formed which a r e  not detected by titration for  H2S. 
vapor and a small  concentration of methane (0.4%) were formed, but no other  
gases  were detected that were not present in the influent gas.  
contained the impurit ies SO2 and methyl mercaptan in low concentrations (45 and 
16 ppm, respectively), but these a r e  not found in the effluent. 

At 1 ,500" F ,  water 

The influent gas 

CONCLUSIONS 

Hydrogen sulfide can  be removed from hot producer gas in the 1,000" to 
1, 500" F temperature range by reaction with a metall ic oxide, such a s  F e z 0 3  ( a  
mater ia l  which has long been used to absorb H2S from producer-type gases  at 
low temperatures) ,  but the mater ia l  must be incorporated into a semifused 
porous matr ix  of other metall ic oxides to prevent dust formation and loss  of 
absorption mater ia l .  
mixing Fe203 with fly ash and sintering the mixture,  o r  by sintering red mud 
residues from aluminum refining. In all cases ,  the mixture contains alumina 
and s i l ica ,  which may act  a s  matr ix  formers ,  and alkali metal  oxides which 
could ac t  a s  fluxes to reduce temperature required to sinter the mater ia ls .  

This research  shows that such a mater ia l  can be made by 
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Absorbents were regenerated to an essentially f r e sh  condition by ,passing 
Sulfur dioxide was 
Small quantities of 

air through the bed at a temperature  of 1, 000 to 1,200 ' F. 
liberated and the reactive metall ic oxides were re-formed. 
elemental  sulfur and sulfuric acid were fo rmed  during regeneration. 
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Table 1. - Chemical composition of sintered fly 
a s h  used for H,S absorption 

Constituent Percent  

SiO, . . . .  1 . . . . .  47.9 
A1,03. . . . . . . . . .  23.8 

P,O, . . . . . . . . . . .  0.6 
TiO, . . . . . . . . . .  2.8 
CaO . . . . . . . . . .  3.6 
MgO . . . . . . . . . .  1 .5  
Na,O. . . . . . . . . .  1.9 

FZO3 . . . . . . . . . .  15.7 

KZO . . . . . . . . . .  2.2 

Table 2. - Chemical composition of the 
granular pumice stone 

Constituent Percent  

SiO, . . . . . . . . . . .  72.49 
A1,0, . . . . . . . . . .  13. 55 
Fe,03 . . . . . . . . . .  1.51 
Na,O and K,O . . . . .  8.06 
CaO andMgO . . . . .  2.93 

I 
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Table 3. - Chemical analyses of muds 

Mud 
SiO, T io, C a 0  Na,O - - - - - - No. L. 0.1.1 F e z 0 3  

23 5. 6 7 . 5  23. 3 3 .7  6 .9  4 6 . 4  3 . 5  
'i 34 11 .5  53.2 3. 6 7 . 2  12. a 7 . 3  2 . 1  

12 1 1 . 2  42. 4 8. 1 4 . 4  18. 8 5 . 3  5 . 6  
I 

45 11.2 34.7 13. 9 9 . 0  19 .4  5. 8 6 . 0  
LOSS on ignition at 1, 100. C. 
Red mud from Alcoa's Point Comfort operations. 
Brown mud from Alcoa's Arkansas operations. 

Mobile red mud from Alcoa. 
, ' Field dried red  mud from Reynolds Metals Co. Sherwin plant. 

Table 4. - _H2S absorbing capacities of sintered 
mater ia ls  at 2 ,000 space velocity 

Capacity , 
Test  Absorption g sulfur 

7 

7 

1 
i 

1 

1 

- 
No. temp. , F 100 a mater ia l  

75% Fly ash - 25% F e z 0 3  
1 1,000 8 . 7  
2 1,000 a .  2 
3 1 ,000  8. 1 
4 1,250 16. 4 
5 . 1,250 21.1 
6 1 ,250 16. 5 
7 1 , 2 5 0  13. 3 
8 1,250 15. 8 
9 1 ,500 41. 1 

1 ,500  42.7 
Taconite 

10 

11 1 , 0 0 0  3 . 5  
12 1 ,250  4. 8 
13 1 ,500  Disintegrated 

Fe203 
14 1,000 22 .0  
15 1 ,250  20 .0  
16 1,500 Dis integrated 

17 . 1 ,000  6. 1 
18 1,250 8. 1 
19 1 , 5 0 0  34.0 

63% Fly ash - 37% F e z 0 3  

20 1,500 26. 0 
87% Fly ash - 13% F e z 0 3  - -  

21 1 ,000  4 . 4  

23 1 ,500  22. 0 
22 1,250 9. a 



Table 5. - H S absorbing capacities of s intered pumice stone. -2 

Capac ity , 
Tes t  Temp. ,  g sulfur 
No. " F  100 g absorbent 

Pumice,  granular ,  -4  + 8 mesh 
24 1 ,000  0 
25 1 ,250  1 . 4  
26 1 ,500  3.7 

27 1 ,000  4 .7  
28 1, 250 6 . 3  
29 1,  500 8 . 5  

66% Pumice - 34% Fez03  

30 1 ,000  7 . 2  
31 1 ,  250 8 . 4  
32 1 ,  500 12 .3  

8770 Pumice,  13% F e z 0 3  

33 1,500 13. 3 
40% Pumice - 60% Fez03  

34 1 ,000  23.3 
35 1 ,000  20 .4  
36 1 ,  250 26.8 
37 1 ,500  27.6 
38 1, 500 30.6 

Table 6 .  - _H2S absorbing capacities of brown and red  mud 

g of sulfur Percent  
Capacity 100 g absorbent e r r o r  in 

Tes t  T e m p . ,  f rom quantity f rom quantity sulfur 
No. ' F  HzS absorbed SO2 evolved balance 

Mud No. 1 
39 1,000 16. 2 16. 0 1 .2  
40 1,250 25. 6 24. 0 6. 0 
41 1,500 52. 7 45. 1 14. 4 

Mud No. 2 
42 1.000 1. 6 1 . 5  6. 0 
43 1, 250 6. 1 6. 6 7 . 6  
44 1,500 28. 2 26. 4 6.  6 

Mud No. 3 
45 1,000 13. 7 12. 2 11.0 
46 1, 250 14. 9 13. 7 8. 1 
47 1,500 34.0 37. 6 9 . 6  

Mud No. 4 
48 1 , 0 0 0  5 . 9  6. 6 10.6 
49 1, 250 14. 6 13. 2 9 . 6  
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Figure 1 .  - Flowsheet for Removal of Sulfur from Hot Producer G a s .  
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Figure 2. - H2S Absorption Capacity of Sintered Pumice Stone. 

Figure 3 .  - Sulfur Capacities of Absorbents at  1 ,000" F to 1 ,  5 0 0 "  F. 

Figure 4. - Typical SO2 Concentration Versus Regeneration Time. 
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DISSIMILAR BEHAVIOR OF CARBON MONOXIDE PUIS WATER 
AND OF HYDROCEN I N  HYDROGENATION 

Herbert R .  Appel l ,  I rv ing  Wender, and Ronald D : M i l l e r  

P i t t sburgh  Coal Research Center ,  U .  S.  Bureau of Mines, 
4800 Forbes Avenue, P i t t sburgh ,  Pa. 15213 
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Under c e r t a i n  condi t ions  the  conversion of l i g n i t e ,  subbituminous and some bitumi- 
nous c o a l s  t o  benzene-soluble oils proceeds more r e a d i l y  i n  the presence of carbon 
monoxide and water than i n  the presence of hydrogen (1-4). 

The purpose of the  work descr ibed here  was t o  compare the  behavior of  carbon 
monoxide plus  water with t h a t  of hydrogen under mild c o a l  hydrogenation condi t ions .  
Pure compounds and mater ia l s  having s t r u c t u r e s  resembling those that might e x i s t  i n  
c o a l  were the  o b j e c t s  of the  hydrogenations. 

The experimental work was conducted i n  a 500 m l  rocking s t a i n l e s s  steel  autoclave.  
Analysis  of t h e  pure cwpounds was by gas  chromatography and mass spectrometry. 
Conversions of l i g n i t e ,  l i g n i n ,  and c e l l u l o s e  were measured by e x t r a c t i n g  the 
products with hot benzene and then weighing and analyzing t h e  benzene-insoluble 
r e s i d u e s .  Pressures  r e f e r r e d  t o  i n  the  t a b l e s  are i n i t i a l  p ressures .  The maximum 
pressures  were about th ree  times the i n i t i a l  pressure.  The time at temperature did 
not  include the  t i m e  requi red  t o  reach opera t ing  temperature o r  t h e  cool ing  off  
per iod.  The r e a c t a n t s  were thus  erposed t o  temperatures where a s i g n i f i c a n t  amount 
of r e a c t i o n  was occurr ing f o r  approximately a n  a d d i t i o n a l  hour. 

1 

RESULTS AND DISCUSSION 
I 

The e f f e c t i v e n e s s  of carbon monoxide and water i n  s o l u b i l i z i n g  l o w  rank c o a l  may 
be due t o  a number of reasons,  including (1) hydrogenation with a c t i v a t e d  hydrogen 
produced by the water-gas s h i f t  reac t ion ,  (2 )  t h e  in t roduct ion  of a l k y l  groups, 
and (3) t h e  unique a b i l i t y  of carbon monoxide t o  c leave c e r t a i n  types of bonds o r  
to  i n h i b i t  condensation r e a c t i o n s  leading t o  benzene-insoluble materials. 

, 
L 

1 Mass spec t romet r ic  a n a l y s i s  of the  benzene-soluble products from a f r e s h  l i g n i t e  
and a l e s e  r e a c t i v e ,  r a p i d l y  aged l i g n i t e ,  revealed t h a t  a major d i f f e r e n c e  i n  
comporition war an increase  i n  methylated aromatic compounds i n  t h e  product from 
the  more r e a c t i v e  l i g n i t e .  This is i n  agreement with the  observat ion of Sternberg 
and Delle Donne of our labora tory  t h a t  c o a l  may be s o l u b i l i z e d  by t h e  in t roduct ion  
of  a l k y l  groups (5).  The r e l a t i v e l y  high methyl content  of t h e  products  suggested 

part t o  the in t roduct ion  of methyl groups. 

Table 1 list8 the  r e l a t i v e  peak height8 of s e v e r a l  of t h e  more preva len t  compounds 

naphthol  and phenanthrene, the  compounds present  i n  l a r g e s t  concent ra t ion  were the 
s o l v e n t  and products der ived from the  r e l a t i v e l y  r e a c t i v e  a-naphthol. 
s o l v e n t  f r e e  system t h e  cresols usua l ly  rhow t h e  h ighes t  mass peaks.)  Not only 
a r e  the  aromatic compounds f r h  f resh  l i g n i t e  present  i n  higher  concent ra t ion ,  
but t h e  methylated dcr iwat ives  of the  parent  aromatic  compound a r e  a l s o  c o n s i s t e n t l y  
and s i g n i f i c a n t l y  higher .  The la rge  conten t  of methylnaphthol, i n  both products, 
I n d i c a t e s  t h a t  methyl groups a r e  being picked up, e i t h e r  from t h e  l igni te ,  from 
t h e  carbon oxides ,  or from t r a c e s  of formeldehyde. The probable r e a c t i o n s  a r e  

t 
\ 
I 

1 t h a t  the  e f f e c t i v e n e r r  of CO and water i n  l i g n i t e  s o l u b i l i z a t i o n  might be due i n  

I i n  the  products .  Inasmuch as t h e  so lvent  used cons is ted  of equal  weights of 0- 

(In a 

L 
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carbonylat ion,  carboxylat ion,  and hydroxymethylation, followed by reduct ion.  The 
presence of r e l a t i v e l y  la rge  amounts of dinaphthylmethanes suggest t h a t  naphthoic 
ac id ,  hydroxymethylnaphthalene and naphthylmethyl r a d i c a l  may be in te rmedia tes  in 
the  route  from naphthol to  methylnaphthalene. 

TABLE 1. - Methyl groups i n  benzene so luble  material from hydrogenated l i g n i t e  
(30 g. l i g n i t e ,  1 5  min. a t  38OoC, 1500 psig CO pressure ,  

1:1: 1 = water :  l i g n i t e : s o l v e n t a )  

Rela t ive  peak h e i g h t s  by M.S. a n a l y s i s  

Compound (89% conversion)  (54% conversion) 
North Dakota l i g n i t e  Aged North Dakota l i g n i t e b  

Phenol 12 
Cresols  18 
Xy leno 1s 14 
Naphtha l e  ne 50 
Me thy lnaph tha lene 80 
Naphthol 900 
Me thylnaph tho1 340 
Phenanthrene 2500 
Me thylphenanthrene 14 
Dinaphthylmethane,' d inaphthofuran 60 

57 Me thy lnaph thy lnaphthy lme thane 

a 

) 
Methylnaphthonaphthofuran ) 

Equal p a r t s  of a - n a p h t b l  and phenanthrene. 
Heated 24 h r .  i n  a i r  a t  105OC, 54X conversion. 

8 
11 

5 
27 
24 

1070 
24 0 

2500 
1 0  
43 

26 

Although treatment with hydrogen, wi th  o r  without  water p r e s e n t ,  gave a smaller  
t o t a l  y i e l d  of benzene-soluble product ,  the r a t i o  of methylated t o  parent  aromatic 
s t r u c t u r e s  were the same, w i t h i n  experimental e r r o r ,  a s  those obtained in t h e  
presence of carbon monoxide and water (4). This r e s u l t  i n p l i e s  t h a t  carbon 
monoxide o r  dioxide l i b e r a t e d ' d u r i n g  l i g n i t e  hydrogenation was reenter ing  t h e  
r e a c t i o n .  In  t h e  presence of  the  a l k a l i n e  l i g n i t e  a s h ,  carbon dioxide would be 
expected t o  add t o  phenol ic  m a t e r i a l s  r e a d i l y  v i a  a Kolbe type carboxylat ion.  
One advantage of  the r e a c t i o n  with hydrogen is t h a t  i n  t h e  absence of la rge  
q u a n t i t i e s  of water, the  carboxyla t ion  r e a c t i o n  may proceed r a p d i l y .  Reduction 
of the carboxyl group to  a methyl group a l s o  occurs more r e a d i l y  with hydrogen 
than with carbon monoxide and water. 

Although methylation may be a f a c t o r  serving t o  increase  the s o l u b i l i t y  of l i g n i t e ,  
the  e f f e c t  is similar f o r  carbon monoxide p lus  water  and f o r  hydrogen. Methyl 
group in t roduct ion ,  t h e r e f o r e ,  does not  appear t o  be a major reason f o r  the 
g r e a t e r  e f f e c t i v e n e s s  of carbon monoxide and water in l i g n i t e  s o l u b i l i z a t i o n .  

The presence of methoxyl groups i n  l i g n i t e  prompted severa l  experiments probing 
the  behavior of an iso le  a t  m i l d  coa l  hydrogenation condi t ions  (approximately 
4500 ps ig  maxiuum pressure a t  38OoC using low a c t i v i t y  c a t a l y s t s ) .  Table 2 shows 
t h a t  in a d d i t i o n  t o  demcthylation t o  phenol, a s i g n i f i c a n t  p o r t i o n  of  the  a n i s o l e  
is converted t o  benzene and to luene .  The h ighes t  y i e l d  of benzene was obtained.  
with hydrogen. This demonstrates  the  g r e a t e r  e f f e c t i v e n e s s  of hydrogen i n  hydro- 
cracking r e a c t i o n s .  The absence of dimethglated products  suggests  t h a t  r ing  
methylat ion proceeds predominantly by an intromolecular  s h i f t .  It does not appear 
l i k e l y  t h a t  methoxy o r  methyl t r a n s a l k y l a t i o n  occurs  t o  a major e x t e n t  during coa l  
hydrogenat ion.  

i 

1 
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TABLE 2. - Hydrogenolysis of a n i s o l e  

( 2 0  m l .  a n i s o l e ,  15 m l .  water ,  1 g.  catalyst i ,  1500 ps ig ,  2 h r .  38OoC) 

U t .  pc t .  of t o t a l  products 
Cata lys t  Gas Benzene Toluene Phenol Anisole 

None co 1.9 7.4 6.5 84 
Ligni te  ash  CO 1.5 4.2 18 76 
Charcoa 1 co 2.0 7.8 6.5 83 
Fe ca 2.6 8 .5  1 0  77 
l e  0 co 2.9 8.4 8.3 80 
FeiO? 6.8  7.7 11 74 
Peg04 H2 H2 4 . 5  8 . 2  16.5 7 0  

No water present .  a 

The p o s s i b i l i t y  t h a t  methyl groups could be introduced v i a  CO, COqr or methyl 
a lcohol  was evaluated by t r e a t i n g  phenol under mild c o a l  hydrogenation condi t ions .  
Table 3 shows t h a t  i n  t h e  presence of i r o n  oxide,  methylat ion occurs  to  a s i g n i -  
f i c a n t  e x t e n t  with C02 and with methyl a lcohol .  
latter might be formed by a Fischer-Tropsch r e a c t i o n ,  i t  appears more l i k e l y  t h a t  
e i t h e r  formaldehyde o r  C02 adds t o  reactive phenolic rings and the compound formed 
is then reduced by t h e  carbon monoxide or by the  hydrogen. Even i n  t h e  absence of 
added c a t a l y s t s ,  small amounts of cresol, toluene,  and xylene were obtained with 
COP p lus  e i t h e r  CO o r  H2. 
methylate  t o  a g r e a t e r  e x t e n t .  The formation of dinaphthylmethanes ind ica ted  i n  
t a b l e  1 i s  perhaps a r e s u l t  of carboxylat ion or hydroxymethylation of the  a- 
naphthol  followed by condensation with a molecule of naphthol or  methylnaphthol. 
The condensed product apparent ly  l o s e s  phenol ic  OH groups e a s i l y ;  no t  more than 
traces of masses Corresponding t o  oxygen conta in ing  dinaphthylmethanes were 
observed. 
weight materials during c o a l  hydrogenation. 

Although small amounts of the 

More r e a c t i v e  phenol ic  m a t e r i a l s  can be expected to 

This mechanism may account f o r  the  formation of some high  molecular 

TABLE 3. - Methylation of phenol 
(20 g. phenol, 1 g. c a t a l y s t ,  2 h r .  38OoC, 1500 p s i g )  

Ca t a l y  e t Gas Water, g.  Reagent, g.  U t .  pc t .  of t o t a l  products  

coco3 co 15 None Trace o-creso l  
None co 15 MeoW, 10 No r e a c t i o n  
-304 co 15 MeOH, 10 o-Cresol, 6%; a n i s o l e ,  1.3%; xylenol ,  

None co 15 co , 15 Traces of o-creso l ,  to luene ,  xylene 
None 

pe304 H2 None coz, 15 o-Cresol, 6%; benzene, 2.5%; toluene,  

L i g n i t e  a s h  R2 None co2, 15 o-Cresol ,  0.4%; benzene, 0.2% 

Although n o t  more than 'traces of  formaldehyde can be expected t o  be present  a t  
opera t ing  condi t ions ,  the  high r e a c t i v i t y  of formaldehyde wi th  phenols suggests  
t h a t  the  small amounts formed a r e  cont inuously scavenged from the  system by 
r e a c t i o n  with the  phenols. 

trace 

None CO;, 15 o-Cresol, 0.7%; traces of benzene, 
toluene,  xylenol  

t r a c e  

H2 
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m e  major high molecular weight oxygen containing compound appeared t o  be dinaphtho- 
furan .  
more than very small amounts of the mass corresponding t o  t h i s  e t h e r  was found by 
mass spectrometry. 

A number of compounds wre t e s t e d  f o r  t h e i r  ease of hydrogenation with carbon 
monoxide and water and w i t h  hydrogen. The hydrogenation of 1-octene proceeded 
more r a p i d l y  with hydrogen than with carbon monoxide and water a t  the same total  
pressure  ( t a b l e  4) .  However, the rate with carbon monoxide and water was four  
times as f a s t  a s  expected based on the  par t ia l  pressure  of hydrogen in the  auto-  
c lave  i n  the  absence of a c a t a l y s t .  In the  presence of potassium carbonate, more 
hydrogen was formed by the  water-gas s h i f t  r e a c t i o n  but  the  r a t e  of hydrogenation 
w a s  only three  times t h a t  expected. The r a t e ,  however, was approaching t h a t  
obtained wi th  high pressure  hydrogen. 
water-gas s h i f t  r e a c t i o n  is a c t i v a t e d  and has  a b e n e f i c i a l  e f f e c t  on t h e  rate of 
hydrogenation. The lower t o t a l  e x t e n t  of hydrogenation, in t h i s  system a t  least, 
makes i t  clear t h a t  the  hydrogen is not  a c t i v a t e d  s u f f i c i e n t l y  t o  reach or  surpass  
t h e  hydrogenation r a t e s  ob ta inable  with high pressure  hydrogen. It amy be t h a t ,  
wi th  the  proper choice of  c a t a l y s t ,  r e a c t a n t s  and operat ing condi t ions ,  the 
hydrogenation r a t e  with carbon monoxide and water could equal  o r  exceed t h a t  
obtained wi th  hydrogen. 

This is probably formed by c y c l i z a t i o n  of dinaphthyl  e t h e r ;  but oddly, no t  

It thus  appears  t h a t  hydrogen formed by the 

TABLE 4. - Hydrogenation of octene-1 
(1 hr .  4OO0C, 1000 ps ig ,  water:hydrocarbon = 1.5 : l )  

H2 COa CO-K2C03b H ~ c  

Product (mole p c t . )  
Below Cg 8 9  11 8 
n-Octane 61 36 . 50 26 
n-Oc tene - 1 21 41 22 49 
n-Oc tene - 2 . 9 11 13 15 
Above Cg 1 3.5 4 2 . 5  

a 14.6 Hole p c t .  H2 i n  f i n a l  gas ;  36.5% water-gas s h i f t  reac t ion .  
27 Hole pc t .  H2 i n  f i n a l  g a s ;  66% water-gas s h i f t  reac t ion .  
400 ps ig  i n i t i a l  p ressure .  

The reduct ion  of p-methylbenzaldehyde t o  xylene a l s o  proceeded a t  a more rapid 
rate with hydrogen than carbon monoxide and water ( t a b l e  5 ) .  The y i e l d  of con- 
densa t ion  products ( tolylxylylmethanes)  was a l s o  h igher  when hydrogen was  used. 

TABLE 5 .  - Reduction of p-mcthylbenzaldehyde 
(20 m l .  aldehyde, 1 g. Pe3O4, 2 h r .  a t  38OoC,  1500 ps ig)  

Products, percent  ( U t . )  
Gas Water Conversion Toluene Xylene Methylbenzylalcohol Diaryls  

14 
7 0  

CO 15 m l .  50 25 
H, None 94 14 

6 4 
3 7 

The p o s s i b i l i t y  t h a t  carbon monoxide p lus  water has  a unique a b i l i t y  t o  cleave 
certain types nf hnnde i~ coal vas ezplozsd by esbjecti.=.g 2 .v=rietg cf c=-,pcuada 
t o  c o a l  hydrogenation c o n d i t i o n s  ( t a b l e  6) .  Very l i t t l e  hydrogenolysis occurred 
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except  with phenyl s u l f i d e ;  but here  aga in  hydrogen was more e f f e c t i v e  than carbon 
monoxide and water. 
monoxide and water (4) ,  and the  s t a b i l i t y  of thiophene a t  these condi t ions  
suggests  t h a t  thiophenic  s u l f u r  is not  common in l i g n i t e s .  

The considerable  reduct ion of s u l f u r  i n  l i g n i t e  with carbon 

TABLE 6.  - Conversions of miscel laneous compounds 
(20 g .  compound, 15 m l .  water ,  1 g .  c a t a l y s t ,  2 h r .  4OO0C, 1500 p s i g )  

Compound C a t a l y s t  Gas Products, percent  ( u t . )  

Phenyl e t h e r  
3-Methylthiophene 
3 -Me thy1 thiophene 
Diphenylme thane 
Dipheny h e  thane 
Diphenylmethane 
Phenyl s u l f i d e  
Phenyl Sul f ide  

Na2CO3 
Na2C03 
Charcoal 
Na2C03 
Charcoal 
Charcoa 1 
Char coa 1 
Charcoal 

CO Very l i t t l e  r e a c t i o n  
CO Very l i t t l e  r e a c t i o n  
CO Very l i t t l e  r e a c t i o n  
CO Very l i t t l e  r e a c t i o n  
CO Benzene 1 .0 ,  toluene 1.4 
H 2  Benzene 3.1, toluene 3.8 
CO Benzene 3.6,  ,toluene 2.0 
H2 Benzene 61 

Lignin and c e l l u l o s e ,  the  genera l ly  accepted c o a l  precursors ,  were found t o  be ,  
l i k e  c o a l ,  more r e a c t i v e  with CO and water than with hydrogen ( t a b l e  7 ) .  
Glucose and presumably c e r t a i n  o ther  carbohydrates  share  t h i s  property.  
Surpr i s ing ly ,  c e l l u l o s e  is most r e a c t i v e .  This order  of r e a c t i v i t y  is probably 
caused by the  r e l a t i v e l y  la rge  number of s t a b l e  aromatic  u n i t s  in l i g n i n  and 
the  ease of pyro lys i s  of glucose.  A carbonyl group appears  t o  be necessary f o r  
low temperature char r ing .  
group or  an i n c i p i e n t  carbonyl  group form chars  on being heated a t  250 t o  3OO0C 
w i t h  the l i b e r a t i o n  of Considerable q u a n t i t i e s  of water .  
a c i d  do n o t  form chars  a t  these condi t ions .  

Glucose and o t h e r  carbohydrates  t h a t  conta in  a carbonyl 

S o r b i t o l  and s o r b i c  

TABLE 7 .  - Conversion of l i g n i n  and carbohydrates  to  benzene-so'luble mater ia l  
(1500 ps ig ,  40 m l .  water, 2 h r .  a t  temperature) 

Temp., Conversion, X o f '  Benzene soluble  
Mater ia l ,  g.  Gas O C  C a t a l y s t ,  g .  feed (maf)' product, u t .  %a 

Lignin ,  10 CO 250 

Lignin, 1 0  CO 380 
Lignin ,  10 CO 380 
Glucose, 20 CO 350 

Glucose, 20 CO 350 
Cel lu loseb ,  20 CO 350 
Cel lu losec ,  20 CO 350 
Cel lu loseb ,  20 350 
Cel lu losec ,  20 t6 350 
Cel lu losec ,  20 H2 350 

a Based on charge. 

L ignin ,  10 H2 350 

Glucose, 20 H2 350 

Crude c e l l u l o s e .  . 
Ash f r e e  c e l l u l o s e .  

None 
None 
None 
Na2C03, 1 
None 
None 
Na2C03, 1 
None 
None 
None 
Na2C03, 1 
Na2C03, 1 

77 
33 
80 
92 
64 
60 
93 
90 
63 
60 
94 
90 

29 
9 

N.A. 
N .A. 

6.5 
3 

35 
4 0  
17 
20 
46 
27 

The advantage of carbon monoxide and water over  hydrogen in l iquefy ing  carbo- 
hydra tes  is r e f l e c t e d  not  only in the  higher  y i e l d s  of benzene-soluble product 
bu t  a l s o  in the  composition of  the  res idues  ( t a b l e  8) .  The atomic r a t i o  of 
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hydrogen t o  carbon i n  the res idue  from hydrogenation with carbon monoxide and 
water  is c lose  t o  1:1, whereas the  much l a r g e r  res idue obtained i n  the presence 
of hydrogen i s  only 0.73: l .  

TABLE 8. - Composition of benzene-soluble products and res idues  from c e l l u l o s e  
(2 h r .  a t  350°C, 1500 p s i g )  

Benzene so luble  p r o d u c t  (CO + H20) Residue (CO + H20) ' Residue (H ) 
(40% yie ld) '  (10% yie ld)a  (40% y i e l d  

83.3 
7 . 8  
1.11 

71.4 
5.9 

.98 

74.9 
4.6 
0.73 

~~ 

a The remaining 50% y i e l d  is  l a r g e l y  water p lus  some carbon dioxide.  

I 

Sodium carbonate is an e f f e c t i v e  c a t a l y s t  f o r  l iquefying c e l l u l o s e ,  glucose, o r  
l i g n i n  i n  the presence of carbon monoxide and water. 
of l e s s  than 5% of the  o r i g i n a l  w i g h t  of c e l l u l o s e  and less than 10% of the 
o r i g i n a l  weight l i g n i n  have been obtained a t  r e l a t i v e l y  mild condi t ions .  The 
product is similar i n  elemental  a n a l y s i s  t o  t h a t  obtained from l i g n i t e  bu t  is 
l e s s  aromatic .  

Benzene-insoluble res idues 

The ease of  conversion of c e l l u l o s e  and glucose t o  benzene-soluble products with 
carbon monoxide .and water suggests  t h a t  s t r u c t u r a l  u n i t s  der ived from those found 
in carbohydrates e x i s t  in low rank c o a l s .  The r e a c t i v i t y  of c o a l s  with CO and 
water  may be i n d i c a t i v e  of the number of carbohydrate-derived s t r u c t u r e s  i n  t h e  
c o a l .  The s t r u c t u r e  of low rank c o a l s  i s  even less c e r t a i n  than t h a t  of high 
rank c o a l s  and i t  is hoped t h a t  t h i s  approach w i l l  assist i n  improving our  
knowledge of low rank c o a l  s t r u c t u r e .  

I 
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Abst ract  

The r e s u l t s  o f  hydrocracking o f  coal  and petroleum o i l s  i n  s t a t i c  and ebu la t -  
i n g  bed reactors  are presented. The s t a t i c  bed system was found t o  be more 
e f f i c i e n t  a t  low space v e l o c i t i e s ,  wh i l e  the  e f f i c i e n c y  o f  bo th  the systems 
was almost the same a t  h igher  space v e l o c i t i e s  w i t h  respect t o  the y i e l d  o f  
naphtha. The gas o i l  and coal  o i l  hydrocracking s e v e r i t i e s ,  respect ive ly ,  
va r ied  f rom 0.03 t o  0.4 and 0.08 t o  0.45 i n  the case o f  the s t a t i c  bed system 
and 0.03 t o  0.31 and 0.07 t o  0.32 i n  the case o f  the e b u l a t i n g  bed system. 
The s t a t i c  bed system a f fec ted  more d e s u l f u r i z a t i o n ,  deni t rogenat ion,  and 
deoxyaenation a t  lower soace v e l o c i t i e s .  wh i l e  the ebu la t i ng  bed system was 
more e f f i c i e n t  a t  h ighe r  space v e l o c i t i e s .  The s t a t i c  bed system apnears t o  
be more s u i t a b l e  f o r  operat ions designed f o r  the product ion o f  naphtha and 
f o r  the complete removal o f  h e t e r o c y c l i c  compounds a 

I n t r o d u c t i o n  

Hydrocracking o f  f u e l  o i l s  i s  most ly  c a r r i e d  o u t  i n  s t a t i c  bed reac to r  systems 
which are very v e r s a t i l e  f o r  the processing o f  d i s t i l l a t e  o i l s .  They, however, 
pose some p r o b l e m  i n  the t reatment o f  heavy and res idua l  o i l s .  The res idua l  
o i l s  may g ive  r i s e  t o  excessive deposi ts i n  the bed lead ing  t o  c a t a l y s t  deac t i -  
vat ion,  reac to r  plugging, and pressure drop i n  the bed. This necess i ta tes 
f requent  regenerat ion and changing o f  the c a t a l y s t  which i s  an expensive and 
tedious problem. The heavy feed stocks can e a s t l y  be processed i n  an ebu la t -  
i n g  bed type o f  reac to r  system as incorporated i n  the H-o i l  process (1,  2 ) .  
I n  the e b u l a t i n g  bed system, the c a t a l y s t  bed expands i n  excess o f  the t r u e  
volume o f  the c a t a l y s t  and the c a t a l y s t  remains always i n  a s t a t e  o f  random 
motion caused by the v e l o c i t y  of t he  feed o i l ,  hydrogen, and some i n t e r n a l  
c i r c u l a t i o n  o f  the o i l .  This system has several  advantages and can be employed 
f o r  t he  processing o f  d i f f e r e n t  types o f  feed stocks ranging from vacuum r e s i -  
dues t o  l i g h t  gas o i l s  (3 ,  4). 
system has the  advantage o f  processing heavy and res idua l  o i l s  over the s t a t i c  
system, wh i l e  both the  systems can be employed f o r  t he  t reatment  o f  d i s t i l l a t e  
o i l s  o f  medium and low v i s c o s i t l e s  such as some gas o i l s  and coal  o i l s .  There 
are no data a v a i l a b l e  a t  t h i s  t ime i n  the  open l i t e r a t u r e  on the r e l a t i v e  
e f f i c i e n c i e s  o f  these two reac to r  systems f o r  t he  processing o f  e i t h e r  pe t ro -  
leum o r  coal  o i l  and is ,  therefore, d i f f i c u l t  t o  s e l e c t  t he  proper  system f o r  
p r a c t i c a l  adaptat jon.  This comnunication descr ibes the r e s u l t s  o f  our  i n v e s t i -  
gat ion on the eva lua t i on  o f  the r e l a t i v e  e f f i c i e n c i e s  o f  the s t a t i c  and ebu la t -  
i n g  bed reac to r  s y s t e m  i n  the hydrocracking o f  petroleum and coal  o i l  d i s -  
ti 1 l a t e s .  

It i s ,  thus, ev ident  t h a t  t he  ebu la t i ng  bed 
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Experimental 

Materials. 

The gas oil was prepared from a mixed base petroleum crude and '  the coal o i l  was 
obtained by the carbonization of a high vola t i le ,  bituminous coal from Utah a t  
650°C i n  a laboratory oven (Table I ) .  
su l f ides  of nickel and tungsten on silica-alumina in  1/16th-inch s i ze  pe l le t s  
was used as the  hydrocracking ca ta lys t .  

A dual-functional ca ta lys t  containing 

Equipment. 

The s t a t i c  bed reactor system (Figure 1 )  contained a tubular 316-stainless s tee l  
reactor o f  0.75-inch diameter and  40-inch length. 
1 s t  was used in the reactor.  
37 contained a reactor o f  3-inch internal dlameter and  9-inch height 
ebulation o f  the ca t a lys t  was mainly caused by a magnetic drive s t i r r e r  of 1800 
r . p . m .  The to t a l  volume of the ca t a lys t  bed was 500 C . C  and 250 c + c  o f  the 
ca t a lys t  was used f o r  the experimental work. 

Hydrocracking procedure. 

One hundred c . c  of the cata- 
The ebulating bed reactor system (Figures 2 and 

The 

Both systems were f i r s t  flushed and pressurized with hydrogen and heated t o  the 
reaction temperature, The pressure was then adjusted t o  the experimental value 
and the oil was fed a t  the desired ra te .  
carried out a t  a constant pressure of 2000 p .s . i .  and the hydrogen t o  o i l  feed 
r a t i o  was maintained a t  about 1000. 
reaction temperature o f  450°C unless otherwise mentioned. The values of space 
ve loc i t ies  varied i n  the range of. 210% and were rounded o f f .  I n  the  case of 
the s t a t i c  bed reactor,  the experiments were carried out a t  1 t o  6 space 
ve loc i t ies  ( V .  of oil /hr. /V. of c a t a l y s t ) ,  I n  the ebulating bed reactor system, 
experiments were carrie'd out a t  2 ,5  t o  6 space velocit ies and the results were 
extrapolated down t o  1-space velocity. Experiments .could n o t  be carried out a t  
space ve loc i t ies  lower than 2.5 due to practical  d i f f i c u l t i e s ,  I n  t h i s  system, 
the  ca ta lys t  (250 c . c )  expands t o  a to ta l  volume o f  500 c % c  (ca t a lys t  bed 
volume) and, hence, the space ve loc i t ies  were calculated on the basis of 500 
c . c  of t h e  ca t a lys t  volume. The product was cooled i n  the condenser and the  
l i q u i d  product was co l lec ted  in the separator.  
some uncondensed o i l  was passed through an ac t ive  carbon tower t o  adsorb the  
o i l  and a gas meter t o  measure the rate and  t o t a l  volume passed. The l i q u i d  
product was d i s t i l l e d  and the fraction boiling u p ' t o  200'C was designated as 
naphtha and the residue as middle d i s t i l l a t e .  
from the total  gas and i t s  composition. 
pass operations. The r a t i o  of n a p h t h a  plus gas t o  the feed i s  designated as 
cracking severity.  

The hydrocracking reactions were 

The data presented were obtained a t  a 

The gaseous product containing 

The yield o f  gas was calculated 

The analyses of the products were done by standard methods. 

A l l  products were obtained i n  single 

Results and Discussion 

I 

f 

Selection o f  a su i t ab le  processing system mainly depends upon the type o f .  feed 
stock t o  be processed and the nature of products desired. 
pated development of . synthe t ic  o i l  industry in the near fu ture ,  feed stocks 
widely varying in  physical and chemical properties wi 1 1  be available and 

Due t o  the an t i c i -  
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d i f f e ren t  types o f  processing systems may have t o  be employed f o r  t h e i r  t r e a t -  
ment It i s ,  there fore ,  necessary t o  consider the  d i f f e r e n t  types o f  reac to r  
systems ava i l ab le  and eva lua te  t h e i r  r e l a t i v e  e f f i c i e n c i e s  f o r  t he  processing 
of d i f f e ren t  feed stocks. A r e a l i s t i c  eva lua t i on  can on ly  be made by process- 
i n g  the  same feed stock under s i m i l a r  reac t i on  cond i t ions  i n  d i f f e r e n t  systems. 
The gas o i l  and the  coal o i l  used i n  t h i s  work were d i s t i l l a t e s  o f  medium v i s -  
c o s i t y  and can be e a s i l y  processed i n  e i t h e r  s t a t i c  o r  e b u l a t i n g  bed system 
w i thou t  problems, so t h a t  a reasonably good eva lua t ion  o f  the  two processing 
systems can be made. 
i n g  of gas o i l  (F igure  4) i l l u s t r a t e d  t h a t  both systems are almost equa l l y  
e f f i c i e n t  a t  space v e l o c i t i e s  g rea ter  than 4. 
amounts o f  naphtha and middle d i s t i l l a t e  a t  430" and 450'C. 
naphtha, however, was very low and va r ied  between 2 and 3%. 
exh ib i t ed  d i f f e r e n t  e f f i c i e n c i e s  a t  lower space v e l o c i t i e s  w i t h  respect t o  
the y i e l d s  o f  naphtha and middle d i s t i l l a t e ,  
and 4.0, the s t a t i c  system y i e l d e d  more naphtha and, correspondingly,  less  
middle d i s t i l l a t e  when compared t o  the ebu la t i ng  bed system 
n i f i c a n t  d i f f e rence  i n  the  y i e l d  o f  the  gaseous product.  The r e s u l t s  obtained 
under the  experimental cond i t ions  employed, i n d i c a t e  t h a t  t h e  s t a t i c  bed sys- 
tem i s  more s u i t a b l e  f o r  hydrocracking operat ions main ly  designed f o r  naphtha 
product ion,  w h i l e  bo th  systems are  equa l l y  s u i t a b l e  i f  middle d i s t i l l a t e  p ro -  
duc t ion  i s  desired. This i s  f u r t h e r  i l l u s t r a t e d  by the  s i m i l a r  data obtained 
i n  the  hydrocracking o f  a coal o i l  (F igure  5) which, however, y i e l d e d  r e l a t i v e l y  
more naphtha and less  gas. The l a t t e r  probably i s  due t o  the  d i f f e rences  i n  
the b o i l i n g  ranges and t h e  composit ion o f  the  two feed stocks.  The s t a t i c  bed 
system e x h i b i t e d  h ighe r  c rack ing  s e v e r i t i e s  when compared t o  the  ebu la t i ng  bed 
system a t  lower space v e l o c i t i e s  (F igure  6) .  The gas o i l  and coal o i l  hydro- 
c rack ing  s e v e r i t i e s ,  respec t i ve l y ,  va r ied  from 0.03 t o  0.4 and 0 08 t o  0.45 i n  
the case o f  the  s t a t i c  bed system and 0.03 t o  0 31 and 0.07 t o  0.32 i n  the case 
o f  t h e  ebu la t i ng  bed system. The r e s u l t s  i n d i c a t e  t h a t  the  produc t  d i s t r i b u -  
t i o n  obtained i n  the  s t a t i c  bed system i s  being i n f l uenced  very  much by the  
space v e l o c i t y ,  w h i l e  the  l a t t e r  i s  n o t  very c r i t i c a l  i n  t h e  case o f  the  ebu la t -  
i n g  bed system. I n  any system t h e  e f f i c i e n c y  o f  con tac t  between the  c a t a l y s t  
and the  reac tan ts  i s  ma in ly  a f f e c t e d  by the s i z e  o f  t he  c a t a l y s t  and the  
space ve loc i t y .  It appears t h a t  the  space v e l o c i t y  i s  a more c r i t i c a l  f a c t o r  
i n  the  opera t ion  o f  the  s t a t i c  bed system, wh i l e  the  s i z e  o f  the  c a t a l y s t  i s  
probably more c r i t i c a l  i n  the  case o f  t he  ebu la t i ng  bed system. 

The product d i s t r i b u t i o n  a t  d i f f e r e n t  l e v e l s  of naphtha fo rmat ion  (Figures 7 and 
8) i n d i c a t e s  t h a t  bo th  systems a f f e c t  t h e  product y i e l d s  i n  a s i m i l a r  manner. 
The ac tua l  q u a n t i t i e s ,  however, depend upon the  na ture  o f  t h e  feed stock. The 
p roper t i es  o f  the  naphtha and middle d i s t i l l a t e  produced by the two systems were 
found t o  be q u i t e  s i m i l a r  (Tables I 1  and 111) The coal  o i l  naphtha was, 
however, more aromat ic i n  na ture  than the  gas o i l  naphtha. The composit ion o f  
the gaseous produc t  was somewhat d i f f e r e n t  and the  s t a t i c  system product from 
gas o i l  contained more C hydrocarbons w h i l e  the  ebu la t i ng  system product con- 
ta ined  more C1 and C2 hy!rocarbons. The s t a t i c  system produc t  f rom coal o i l  
contained more C3 hydrocarbons, w h i l e  the  ebu la t i ng  system produc t  contained 
more C1 and C2 hydrocarbons. The produc t ion  of m r e  C1 and C2 gases i n  the 
ebu la t i ng  bed system i s  i n d i c a t i v e  o f  t he  occurrence o f  more thermal c rack ing  
reac t ions  i n  t h i s  system. 

The product d i s t r i b u t i o n  data obtained i n  the  hydrocrack- 

They y i e l d e d  almost the  same 
The y i e l d  o f  
Both systems 

A t  space v e l o c i t i e s  between 1.0 

There was no s ig -  
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Removal o f  h e t e r o c y c l i c  compounds from f u e l  o i l s  i s  
o f  hydrocracking and the  ex ten t  of such hydroremova 
the  feed stocks, t he  c a t a l y s t ,  and the  experimental 

one o f  t he  major func t ions  

cond i t ions .  The type o f  
gas o i  1 hydrocracking, 
w i th  space v e l o c i t y  i n  the  

depends upon the  nature o f  

processing system may a l s o  have some in f l uence :  I n  
d e s u l f u r i z a t i o n  and den i t rogenat i  on va r ied  l i n e a r l y  
s t a t i c  bed system, w h i l e  i t  was n o t  t he  case i n  the  ebu la t ing  bed system where 
the  d e s u l f u r i z a t i o n  and den i t rogenat ion  l eve led  o f f  from a space v e l o c i t y  of 2 
and down (F igure  9) .  The s t a t i c  bed system was more e f f i c i e n t  f o r  t h e  removal 
o f  s u l f u r  and n i t r o g e n  compounds a t  lower space v e l o c i t i e s  rang ing  from 1 .O t o  
3.0, w h i l e  t he  e b u l a t i n g  bed system was more e f f e c t i v e  a t  h ighe r  space v e l o c i t i e s  
rang ing  from 4.0 t o  6.0: 
3 t o  4 space v e l o c i t i e s .  
83% were obtained i n  the  s t a t i c  bed system a t  a space v e l o c i t y  o f  1.0. I n  the  
case o f  the e b u a l t i n g  bed system, a maximum d e s u l f u r i z a t i o n  o f  about 75% and 
deni t rogenat ion o f  about 64% were obtained a t  a space v e l o c i t y  o f  2.0. A t  
space v e l o c i t i e s  lower  than 2, there  was no f u r t h e r  removal o f  s u l f u r  and 
n i t rogen  from t h e  gas o i l .  
very su i tab le  f o r  opera t ions  designed f o r  complete removal o f  s u l f u r  and n i t r o -  
gen from fuel  o i l s ,  though i t  can remove about 70 t o  80%, The obvious choice, 
then, w i l l  be t o  employ the  s t a t i c  bed system f o r  such operat ions,  
r e s u l t s  were ob ta ined i n  the  hydrocracking o f  the  coal o i l  (F igure  10) wherein 
maximum desu lPur i za t i on  and deni t rogenat ion  o f  97% and 87% were respec t i ve l y  
a f f e c t e d  by the  s t a t i c  system and about 82% and 72% by the  ebu la t i ng  bed system. 
Oxygen removal f rom coa l  o i l  a l s o  fo l lowed the  s a w  pa t te rn  as the removal o f  
s u l f u r  and n i t rogen .  The r a t e s  o f  hydrocracking o f  s u l f u r ,  n i t rogen,  and ' 
oxygen compounds o f  gas o i l  and coal  o i l  appear t o  be almost t he  same under 
cond i t ions  o f  h i g h  s e v e r i t i e s ,  i r r e s p e c t i v e  o f  t h e  type o f  processing system 
employed. The ra tes ,  however, were d i f f e r e n t  under less  severe c'ondit ions o f  
hydrocracking (F igu re  11). The ma te r ia l  balance obtained i n  the  two systems 
w i t h  gas o i l  and coal  o i l  i s  g iven  i n  Table I V .  A t o t a l  product recovery o f  
about 102 t o  103% was obtained, i n d i c a t i n g  2 t o  3% o f  hydrogen consumption i n  
t h e  process. The gas y i e l d  was approximated t o  about 0.5%. 
hydrogen su l f i de ,  ammonia, and water were ca l cu la ted  from the  ex ten t  o f  removal 
o f  s u l f u r ,  n i t rogen,  and oxygen du r ing  the  process. 

The e f f i c i enc ies  were almost the same i n  t h e  range o f  
Maximum d e s u l f u r i z a t i o n  o f  96% and den i t rogenat ion  o f  

It appears t h a t  the  ebu la t i ng  bed system i s  n o t  

Analogous 

The y i e l d s  o f  
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Table I. Analys is  o f  t he  feed mater ia ls .  

Grav i t y  , "API 
Su l fu r ,  w t .  % 
FJitrogen, w t .  % 
Oxygen, w t .  % 
D i s t i l l a t i o n  data 

I.B.P., "C 
50% d i s t i l l a t e ,  O C  

F.B.P., "C 
Hydrocarbon types, vo l  . % 

(neu t ra l  o i  1 ) 
Aromatics t o l e f i n s  
Satura tes  

Coal o i l  
11.5 
0.84 
0.92 
6.84 

200 
30 5 
39 5 

68.0 
32.0 

Petroleum 
o i  1 
31.80 
0.94 
0.80 
- 

300 
340 
440 

29.0 
71,O 

I 

Table 11. P roper t i es  o f  products o f  gas o i l .  
Temperature: 450"C, pressure: 2000 p.s. i . ,  
sp. v e l . :  4.0 

Ebu la t ing  
Products S t a t i c  bed bed 

Aromatics, vo l .  X 31 .O 30.0 
Saturates,  vo l .  % 66.0 66.0 
O le f i ns ,  vo l .  % 3 0  4.0 
Su l fu r ,  w t .  % 0.14 0.21 
Nitrogen, w t .  % 0.18 0.26 

Aromatics t o l e f i n s ,  v o l ,  % 30.0 31 .O 
Saturates, v o l .  X 70.0 69.0 
D iese l  index 51 .O 50.0 

C1 10.0 15.0 
c2 12.0 14.0 

29.0 28.0 
49.6 43.0 

Naphtha 
I 

Middle d i s t i l l a t e  I 

Gas, v o l .  Z 

1 
c3 
c4 
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Table 111. Proper t i es  o f  products o f  coal  o i l .  
Temperature: 45OoC, pressure: 2000 p.s.i., 
sp. vel.: 4.0 

Products 
Naphtha 

Aromatics, vo l  . % 
Saturates, vo l  . % 
O le f i ns ,  vo l .  % 
Su l fu r ,  w t .  % 
Ni t rogen, w t .  % 

Acids, vo l .  % 
Bases, vol.  % 
Neutra l  o i l ,  vo l  . 4: 

Aromatics + o l e f i n s ,  vo l .  % 
Saturates, vo l .  % 
Diesel  index 

Middle d i s t i l l a t e  

Middle d i s t i  1 l a t e  ( n e u t r a l  ) 

Gas, vo l .  % 
C1 
c2 
c3 
c4 

S t a t i c  bed 

42.0 
54.0 

4.0 
0.11 
0.21 

8.5 
1 .o 

90.0 

61 .O 
39.0 
41 -0 

13.0 
15.0 
33.0 
39.0 

Ebulat ing 
bed 

44 .O 
53.0 

3.0 
0.13 
0.28 

11 .o 
1.7 

89 .O 

60,O 
40.0 
41 .O 

16.0 
19.0 
25 .O 
40.0 

Table I V .  M a t e r i a l  balance. 
Temperature: 450°C, pressure: 2000 p.s . i . ,  
sp. vel . :  4.0 

Product y i e l d ,  
ut. % 

S t a t i c  bed system Ebu la t i ng  bed system 
Gas - o i l  Coal o i r  Gas o i l  Coal o i l  

Naphtha 5.0 10.0 4.0 9.0 
M i  dd le d i s  t i 1 l a t e  96 .O 91 .o 97.0 92.0 
Gas 0.5 0.5 0.5 0.5 
Water - 1 .o - 1 .o 
Hydrogen s u l f i d e  . 0.5 0.5 0.5 0.5 
Amnoni a 0.5 0.5 0.5 0.5 
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THE D m C T  METHANATION OF COAL 
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Bi tuminous  C o a l  Research, Inc. 
350 Hochbeg R o a d  

Monroeville , Pennsylvania 

Introduction 

The f ac t  t h a t  coal i s  canposed of various f ract ions with widely vary- 

I n  particu- 
ing properties has long been realized. Recent a t tent ion t o  this f a c t  has 
resulted i n  a number of proposed staged gasif icat ion schemes. 
lar, research at BCR has l ed  t o  the concept of a two-stage super-pressure 
gas i f i e r  t o  take specif ic  advantage of t h e  varied nature of  coal i n  the 
production of a gas r ich  i n  methane and amenable t o  conversion t o  a high 
Btu pipeline gas. 
s i s  gas and heat generated i n  a high temperature stsge t o  convert a 
portion of fresh coal i n  a lower temperature stage i n t o  a me twe- r i ch  

The tuo-stage super-pressure gas i f ie r  u t i l i z e s  synthe- 

gas . (5)  

A study of t he  methane formation occurring a t  short gas-coal contact 
times in  the low temperature stage i s  being carried out a t  Bituminous 
C o a l  Research, Inc., for t he  Office of Coal Research. 
included batch tests i n  rocking autoclaves and continuous f low experiments 
i n  an externally-heated 5 lb /hr  continuous flow reactor (CFR).(8) 
In  t h i s  U n i t  have been car r ied  out under a wide var ie ty  of conditions 
using North Dakota l i g n i t e ,  Euro1 subbituminous "C" and Pittsburgh high 
vo la t i l e  "A" bitminous coaLs. 
on the  methanation s tep  and has led t o  the  design and construction of an 
internal ly-f i red 100 lb/hr  process and equipment development un i t  now 
being placed in operation. (9) 

I This program has 

Tests 

The program has produced considerable data 

This paper presents a method of analysis of t h e  short contact t h e  
methanation step, based on the  premise that rapid heating of coal i n  the 
presence of hydrogen produces, i n  addition t o  gaseous pyrolysis products, 
an act ive but t ransient  species which undergoes rapid reaction with hydro- 
gen t o  produce additional methane. A s inpl i f ied  r a t e  expression i s  used 
t o  derive a relationship between methane y ie ld  and hydrogen p a r t i a l  pres- 
sure which f i t s  the experimental data obtained by others.(8,13,16) 

B a a - d  

Until  recently, studies of the coal-hydrogen reaction were generally 
carried out with long gas-coal contact times, and the  resu l t s  a re  not 
d i r ec t ly  applicable t o  shor t  contact time methanation. 
and E l l i o t t  (17) have provided an excellent review of the many such inves- 
t iga t ions  through 1963. Although various methods of contacting were t r i ed  
and a number of mechanisms f o r  the reaction proposed, the general concensus 
based on these invest igat ions was that the r a t e  of methane production from 
coal or char i s  appro-tely proportional t o  hydrogen pa r t i a l  pressure, 
**i,tk, the c n n s + a t  prq~?rtimality &epen!ie,er?t c p m  t e q e r s t m e  coal type, 
and percent carbon burnoff. 

V o n  Fredersdorf 

* Professor, Chemical Engineering Depertlsent , 
Carnegie-Mellon Universlty, Pit tsburgh, Pa. 
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, 

Recent investigations have,indicated that  the ra te  of methane produc- 
t ion  varies with gas-coal reaction time. 
the U.S. Bureau of Mines, Hiteshue 
of bituminous c d s ,  l i g n i t e ,  anthracite,  and c h a r  (10) and high vola t i le  
"A" bituminous coal.  A packed bed of coal was' used i n  these studies,  but 
because of heating capacity l imitat ions,  two minutes were.required t o  
ra ise  the system temperature t o  800 C .  Nevertheless, the Bureau of Mines 
group was able t o  demonstrate tha t  the t e s t  coals reacted with hydrogen 
i n  the i n i t i a l  period a t  a ra te  much higher than that observed a t  longer 
contact times. 

In experiments carried out at 
&., studied the hydrogasification 

Further indication of the rapid gasif icat ion rates during the 
i n i t i a l  contact period w a s  obtained by Feldkirchner and Linden i n  t h e i r  
study of high-pressure gasification with hydrogen and steam. (6) 

In  1965, Moseley and Paterson (14,15) demonstrated this rapid i n i t i a l  
ra te  more conclusively and reported the resu l t s  of their experiments on 
the high-temperature hydrogenation of coal chars at hydrogen p a r t i a l  pres- 
sures up t o  1000 atmospheres. By means of a specially constructed reactor 
heating device, Moseley and Paterson obtained ra te  data f o r  methane pro- 
duction i n  15-second intervals .  With th i s  resolution, they observed a 
rapid i n i t i a l  rate, which decreased with time until a f i n a l  steady value 
was obtained. The steady-state methane production rate had many of the  
character is t ics  of rate data  as as reported earlier by Others, i . e . ,  it 
was  roughly proportional t o  hydrogen p a r t i a l  pressure and depended on char 
type. 
prcmpted Moseley and Paterson t o  suggest a three-step mechanism f o r  the  
sol id  phase hydrogenation of coal. 

' 

However, the  rapid i n i t i a l  rate necessitated a new explanation and 

The f i r s t  s tep  i s  the  devolat i l izat ion of coal by a process which i s  
I n  ad- 

carbon atoms, which i s  par t icu lar ly  susceptible t o  re- 
The second s tep i n  the  proposed mechanism involves 

activated by hydrogen but whose rate i s  not affected by hydrogen. 
ditim t o  vola t i le  products, a char i s  produced i n  this first step with 
exposed or  l a b i l e  
action with hydrcgen. 
the reactions of the  l a b i l e  carbon atoms, e i ther  with hydrogen t o  fonn 
methane or  with each other i n  a cross-linking polymerization t o  form an 
inactive char. 
the inact ive char. 

The t h i r d  step involves the slow reaction of hydrogen with 

Blackwood and McCarthy ( 3 )  have discounted the three-step process, 
offering instead a two-step mechnism consisting of a rapid reaction of 
hydrogen with groupings i n  the coal which are associated with oxygen fol-  
lowed by a more sedate a t tack on the residual carbon s t ructure .  Blackvood 
and McCarthy c i ted  t h e i r  own data (2,3) as  w e l l  as Hiteshue's data (10 , l l )  
t o  support t h e i r  claim, but, i n  f a c t ,  the  poor i n i t i a l  time resolution of 
these data  makes it d i f f i c u l t  t o  distinguish between a two- o r  three-step 
process. 

On the  basis of t h e i r  three-step model, Moseley and Paterson (15) 
projected that contact times i n  excess of 0.5 second were unlikely t o  lead 
t o  s ignif icant  gains i n  the extent of carbon conversion t o  methane, and 
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tha t  complete conversion of the carbon i n  coal t o  methane should be pos- 
s ib le  a t  1000 C and 500 a t m  hydrogen p a r t i a l  pressure. 
published resul ts  of rapid high-temperature hydrogenation of bituminous 
coal,  v i r tua l ly  substantiating t h e i r  claim.(16) The carbon i n  the  coal 
w a s  gasif ied t o  completion a t  500 a t m  and 900 C .  

In  1967, they 

I n  point of f a c t ,  f o r  contact times of a few seconds, only the 
f i r s t  two steps of the  three-step model a re  s ignif icant ,  and a sat isfac-  
to ry  accounting of the d i rec t  methanation of coal may be obtained on 
t h i s  basis. 
ships between methane y ie ld  and gas i f ie r  parameters, derived on t h e  
assumptions that the  decomposition of s t ructures  i n  coal t o  give the  
act ive intermediate i s  a f i r s t -order  process, and that the intermediate 
i s  simultaneously removed by a f i r s t -order  process. 
i s  assumed to  give no ne t  consumption of the act ive species. 
paper, a l ternate  r a t e  expressions are  proposed f o r  the first two steps,  
which resul t  i n  a simple methane yield expression t h a t  properly extrapo- 
l a t e s  t o  low and high conversion. 

Moseley and Paterson have presented mathematical relation- 

Methane formation 
In this 

The I n i t i a l  Reaction 

Studies of the  thermal decomposition of coal have been carr ied out 

A l -  
a t  BCURA, largely because of the  importance of devolat i l izat ion i n  the 
igni t ion process of coal par t ic les  i n  pulverized fue l  f i r ing . ( l ,7 )  
though a large number of complex chemical reactions and physical changes 
a re  known t o  make up t h e  devolat i l izat ion process, workers a t  BCURA were 
able  t o  represent the grams of carbon l o s t  as methane per gram of start- 
i n g  carbon, AWI, for twelve coals tes ted  as  a flrnction of absolute 
temperature, T ,  and time of residence at t h i s  temperature, t :  

AMI = VM ( l - C ) Q . {  (1- exp - A [exp - (B/T)] t ) } , (1) 

where VM = v o l a t i l e  matter i n  coal on daf basis  

Q = r a t i o  of weight loss t o  change i n  vola t i le  matter 

ABC = empirical constants 

Their resul ts  were obtained f o r  20p coal par t ic les  heated a t  ra tes  
of 2.5 x lo4 to 5 x lo4 C/sec. 
s i t i o n  depends upon the  rate of heating of t h e  coal par t ic les ,  t h e  
quant i ta t ive results of this research may not apply d i rec t ly  t o  t h e  

many of the aspects will undoubtedly remln the same--particularly the 
rapidi ty  of the overal l  process. 

Since the  mechanism f o r  thermal decompo- 

i n i t i a l  reactions occurring i n  the d i rec t  methanation of coal. However, 

By using typical  values reported f o r  the constants i n  Equation 1, 
A = 3 x 1 8  sec; B = 8goo K ,  a time constant f o r  the devolat i l izat ion 
process of 1 4  U i s e c o n d s  is obtained at a temperature of 1750 F. 

The significance of  this value I s  i t s  indication tha t  t h e  i n i t i a l  
reaction per s e  should be essent ia l ly  complete as soon as hot hydrogen- 
C G i i t Z i i l L - i g  gas contacts the c a  feed. 
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I 

The amount of carbon, AW1, released as methane t o  the gas phase dur- 
ing t h i s  i n i t i a l  s tep may be dependent on temperature and coal type, but 
should be independent of other gas i f ie r  parameters such as residence time 
and gas composition. 

As indicated by Moseley and Paterson, the presence of hydrogen does, 
without a doubt, act ivate  the i n i t i a l  "breakdowntt of the basic coal 
"molecule" during thermal depolymerization. Because of the rapidi ty  of 
these reactions,  l i t t l e  experimental evidence has been accwniLated t o  in- 
dicate the degree t o  which the presence of hydrogen affects  the ra te  of 
this i n i t i a l  "breakdown. 'I 

It i s  apparent, however, both f r o m  the work data of Moseley and 
Paterson and of Glenn and co-workers, t h a t  a highly act ive species o r  in- 
termediate appears t o  be the principal primary product of this i n i t i a l  
breakdown. This may be shown schematically as: 

coal ( H  ) c* + CH, + (co, c q ,  H,O, e tc . )  3 
C* R1 C* 

-) 

c* + &  R2 C& 
3 

where, . 

C* = act ive intermediate produced d i rec t ly  
coal i s  thenrally depolymerized; and 

= inactive char produced by reaction of C* 
intermediate with i t s e l f .  

from' coal when 

t h e  act ive 

The Active Intermediate 

The specif ic  chemical processes involving the  active intermediate are 
very complex; any attempt t o  model them must be viewed, as approximate. 
The approach taken by the present authors, as opposed t o  that proposed by 
Moseley and Paterson, i s  t o  consider expl ic i t ly  the  competition between 
the methanation reaction and the  inactive char-forming reaction f o r  the  
active intermediate. 

To this end, consider that coal par t ic les  containing one gram of 
carbon are  introduced i n t o  a reactor, maintained a t  a constant temperature, 
T, together with a gas whose hydrcgen par t ic le  pressure i s  P . Consider 
that there i s  a suff ic ient  supply of hydrogen so t h a t  pHz doe% not change 
as  methanation proceeds and that the t o t a l  gas-coal contact time i n  the 
reactor i s  '7. Assume t h a t  upon ccmpletion of the  i n i t i a l  reaction W,* 
gram of active intermediate has been fonned; Wo* may i n  general be some 
f ract ion,  f ,  of the ungasified carbon and tha t  Wo* may be represented by 
f (1 - AW1). 

The rate o f  reaction of hydrogen with carbon i s  generally taken as 

If then, the rate at which the 
a l i n e a r  thnction of hydrogen p a r t i a l  pressure and expressed per un i t  of 
surface area available for reaction.(4) 



act ive intermediate i s  removed by the. char-fonning mechdsm is assumed 
t o  be a f i rs t -order  process, a similar behavior may be postulated for 
t h e  act ive intermediate, and the net ra te  of change of W*,.the grams of 
act ive intermediate per gram of carbon fed, will be given by the 
following : 

A* - k, W* dW* dt = kt (pH,) 
where A* = area associated with active intermediate 

ki, k, = ra te  constants of methane formation and deactivation reactions 
respectively 

There are  ways i n  which A* may be related t o  W*; however, a t  the 
temperatures and r a t e s  under which methanation proceeds, i t , i s  reasonable 
t o  assume tha t  the methane formation reaction proceeds i n  a topochemical 
fashion at a shel l - l ike reaction surface rrounding the  act ive species. 
I n  t h i s  case A* i s  proportional t o  (W*) 2B, so tha t  Equation 2 may be 
writ ten as follows: 

(wit) 2/3 - k, W* dW* 
d t  = - k1 ('Ha) 
- ( 3 )  

, I  

where the rate  constant k: and the proportionali ty constant re la t ing A* 
t o  (W*) 2/3 have been confined together i n  the  symbol k,. 

The boundary condition on Equation 3 i s  tha t  of the completion of the 
i n i t i a l  reaction (essent ia l ly  t = o ) ,  W* = Wo*. 
grated t o  find W* at any time t. 

Equation 3 may be inte-  

or 

O f  par t icular  i n t e r e s t  i s  the  time t* when all of the act ive intennediate 
w i l l  have disappeared; i . e . ,  a t  t = t*, W* = 0. Frm Equation 4 

t* = I I n  [I +L 3 
k2 S ( 5 )  

where S = k1 (pH,) = ki (%)(W,*) 2/3 - - _  I n i t i a l  rate of Methanation' 
k2 (W,*)1/3 k2 wo* Initial rate of Deactivation 

Notice that  S represents a sedectivity f o r  the reacting system. 

I 
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If t* is l e s s  than 7, the gas-coal contact time, then a l l  of the  avail- 
able intermediate w i l l  be consumed in  the reactor and methane yield Ki l l  
be independent of 7. 

In order t o  compute the methane produced during this process, it i s  

If WC denotes the weight f ract ion of car- 
necessary to  integ,rate the rate  expression for the reaction of hyamsen 
with the  active intermediate. 
bon i n  coal which has appeared as methane, the r a t e  expression for W, i s :  

(w*) 2/3 dWc 
dt = k1 (pH,) 

where t = o corresponds t o  the end of the i n i t i a l  reaction and where 
Wc = AWI. 
from Equation 4, Equation 6 
the act ive intermediate has been ccanpletely consumed and Wc = AWc, the  
total yield of methane from the short time methanation process. 
tinued exposure of the  inactive char t o  hydrogen w i l l  result i n  fur ther  
methane production, but at a much reduced rate .  The expression for AWc 
is  obtained from the  in tegra l  

Since the expression for W* as a function of time is  knm 
be integrated t o  t = t*, at which point 

Con- 

When the  r ight  hand side of this equation is integrated and the  expres- 
sim for t* substi tuted f m  Equetian 5, the reeultant expression is: 

If the ser ies  expansion for ln(1 + 1) is  M e d ,  the square bracketed 
term in -tian 7 becoaaes eq~al toS 

a c h  is closely approximated by the  rational fract ion 

, 



hence, Equation 7 becomes ; w,* s 
Awe = A W I  + 4 

3 1 + - s  

Again, i f  W,* and S a r e  replaced by the i r  equivalent expressions, the 
f i n a l  relationship between 'methane yield and gas i f ie r  parameters is 

Equation 8 predicts  t h a t  i n  the absence of hyl-agen, methane yield 
i s  due only t o  the thermally induced decomposition. 
p a r t i a l  pressures, the denominator is approximately one, and methane 
yield i s  proportional t o  hydrogen p a r t i a l  pressure. 
p a r t i a l  pressu-res, methane yield again becames constant, being given by 
the expression AWc = AWI + f (l-AWI). 
of the carbon i n  coal is possible.  

A t  small hydrogen 

A t  high hydrogen 

If f = 1, complete methanation 

Correlation of Experimental Data 

Equation 8 indicates that  the methane yield resul t ing frm the di-  
rect  methanation of coaJ by gases containing large excesses of hydrogen 
should be correlated by an equation of the form 

where b, , b2,  and b3 are  correlation constants re la ted t o  the kinet ic  
parameters for the process. 

by Glenn and co-workers (8) were obtained i n  continuaus flaw experiments 
which did not employ l a rge  excesses of hydrcgen. 
of CO and %O in the  feed gas permitted replacement of consumed hydrogen 
via the  water-gas shin reaction. Conparison of i n l e t  and outlet  gas cam- 
posit ions f o r  these continuous flaw experiments shows only s l igh t  varia- 
t ions  i n  hydrogen p a r t i a l  pressure values, so t h a t  the constancy of 41, is 
considered a reasonably val id  assumption. 

curve f i t t i n g  rout ine.( l2)  

The methane rate da ta  for l i g n i t e  and Elk01 coal previously reported 

However, the  presence 

Equation 9 was P i t t e d  t o  the CFR data by a non-linear l e a s t  squares 
The results of the correlation were: 

f 

, 

I 
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1 

Equation 10 explains 63 percent of the variance i n  the  l i g n i t e  data;  
equation L1 explains 52 percent of that i n  the  Elk01 coal data. 
effect  of changes i n  PK on AWc f o r  the two coals i s  shown in Figure 1. 
In the operating region f o r  the  continuous flow reactor,  the  hydrogen 
p a r t i a l  pressures were low enough so  tha t  the  predicted curve is approxi- 
mately l inear  i n  hydrogen p a r t i a l  pressure. 

The 

If the proposed methane-hydrogen relationship is  valid,  Equations 10 
and 11 should extrapolate correctly for methanation experiments carried 
out a t  similar temperatures and higher hydrogen p a r t i a l  pressures.  
study of the rapid high-temperature, high-pressure hydrogenation of 
bituminous coal, Moseley and Paterson gasified coal i n  pure hydrogen a t  
temperatures of 950 C and pressures as high as 500 atm.(16) 
presents t h e i r  experimental data together with typical data points from 
the CFR experiments of Glenn and co-workers. 
is Equation 11; the agreement i s  good over the en t i re  pressure range. 

In a 

Figure 2 

The curve through the data  

Moseley and Paterson a l so  reported data from a few experiments a t  
850 C .  
perature, Equation 11 cannot be applied d i rec t ly  t o  these lower temperature 
resu l t s .  
qui te  well, provided the  constants are adjusted as indicated i n  the follow- 
ing equation: 

Since the parameters i n  the correlating equation depend upon tem- 

However, an equation of the form of Equation 9 does f i t  the data 

The 850 C data points and Equation 12 a r e  presented i n  figure 3. 

Lewis, Friedman, and Hiteshue (13) reported data on the  d i rec t  conver- 
sion of untreated bituminous coal i n t o  high Btu gas i n  a dilute-phase con- 
current f l o w  apparatus similar t o  that used by Glenn and co-workers i n  the 
CFR e x p e d n t s ,  and by Moseley and Paterson i n  t h e i r  later work. 
idence times u s e i  by Lewis & & were solnewhat longer than those used by 
Glenn and co-workers and t h e i r  operating temperature w a s  lower, i . e . ,  7 2 5  C. 
The data of M s  
ing equation: , 

The res- 

g sham i n  Figure 4 nuq;y be correlated by the follow- 

0.0016 (-1 
AWc = 0.09 + 

1 + O.O017(P%) 
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I A l l  of these correlations indicate tha t  methane y ie ld  values of one 
are possible i f  high e n e  hydrogen p a r t i a l  presrmres are used. Purther- 
more, it is  in te res t ing  that an Arrhenius plot of the parameter b, (or b) 
gives a reasonably s t r a igh t  l ine.  
the r a t i o  of k, t o  k, , one would expect such a fit, and the observed ac t i -  
vation energy of  15 Kcal indicates the difference i n  act ivat ion energy 
between the methanation and the deactivation processes. 

4 
(See ngUre 5 . )  Since & represents 

The expression for E t h a n e  y ie ld ,  as represented by Equation 8, pro- 
vides a framework f o r  unif'ying and correlating data on the d i r ec t  
methanation of coal with hydrogen. 
var ie ty  of coals is consistent with this expression lends support t o  the 
hypothesis of the folmation of an active intermediate. 
postulated r a t i o  of rate constants for the reactions involving this 
active intermediate exhib i t s  an Arrhenius behavior fur ther  supports this 
claim and indicates the general va l id i ty  of the derivation.. 

The fact that the behavior of a 

The f a c t  that the 

It shouldbe pointed out, however, that the rate expressims used t o  
obtain Equation 8 are by no means unique. 
analysis is the treatment of the methanation and deactivation steps as 
being campetitive reactions which essent ia l ly  consume the en t i r e  supply 
of active intennediate i n  a finite time. For example, if both reactions 
a re  assumed t o b e  zero-order with respect to  the active intermediate, o r  
i f  the intermediate concentration at the reaction sites i s  asmrmed t o  be 
a constant, the equation for the ra te  of change of W* would be as follows: 

The unique concept i n  the 

9 = -;,(Pd -k, A 

d t  . .  
(14) 

I 
A n 

I where k, and k, are the rate constants associated w i t h  the methane forma- 
t ion and deactivation reactions, now considered zero-order with respect 
t o  intermediate concentr+ion. d 

. I  

I 
Integration of Equation 9 i n  the  same manner as before, defines the 

time t o  consume the intermediate entirely,  t+, t o  be i n  this case 

/ 

A 
A 

where S = k1 b) = se l ec t iv i ty  f o r  zero-order assumption. 

$1 

The methane yield under this condition, AWc, i s  given as follows 

I 
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Equation 15 i s  ident ical  i n  form t o  Equation 8 and indicates tha t  
there  are a number of ways of obtaining the  expression which correlates 
methane yield with hydrogen p a r t i a l  pressure4 Thus, even though 
Equation 8 successfuYy f i t s  the available data, the nature of the  exact 
mechanism of t h e  reactions involving the act ive intermediate i s  s t i l l  
unresolved. 

This does not detract  from the u t i l i t y  or  significance of the  yield 
expression, however. 
methanation of coa,l, observed by Moseley and Paterson (16) at high 
hydrogen p a r t i a l  pressures,  has also been shown t o  be achieved a t  lower 
hydrogen p a r t i a l  pressures and i n  the presence of other gaseous species. 
Moreover, both conditions are explained by a single equation. The im- 
plication, then, i s  t h a t  synthesis gas and steam can be effect ively used 
i n  a short-contact-time reactor t o  take advantage of the  high ac t iv i ty  
imparted t o  c o d l  by rapid heating i n  the presence of hydrogen. 
feature ,  of course? i s  the essence of the  BCR two-stage super-pressure 
gas i f ie r .  

The important point i s  t h a t  the rapid rate of 

This 

The specif ic  equations f o r  methane yleld,  because of their simplicity 

This 
and independence of most gas i f ie r  parameters, can be u t i l i z e d  i n  the de- 
sign and engineering evaluation of integrated,  multistage gas i f ie rs .  
i s  being done f o r  t h e  BCR two-stage gas i f ie r  i n  order t o  make be t te r  pre- 
dictions of i t s  ultimate capabi l i ty  as well as t o  assess ef fec ts  of proc- 
ess variables and novel operating pract ices .  
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NOhENCLATURE 

area associated with act ive intermediate, cn? 

empirical constants i n  devolat i l izat ion y ie ld  equation 

empirical constants i n  methane yield correlation equation 

active intermediate 

inactive char 

kinetic parameters i n  methanation reactions 

p a r t i a l  pressure of hydrogen, a t m  

constant i n  devolat i l izat ion equation representing the r a t i o  of 
u n i t  change i n  coa l  weight per  u n i t  change i n  volatile matter 
content 

reaction se lec t iv i ty  

reactor temperature, O K  

time of reaction, sec 

time required t o  deplete act ive intermediate, sec 

residence time of coal par t ic les  i n  reactor,  sec 

volat i le  matter In  coal, daf' basis ,  percent 

weight o f  ac t ive  intermediate per gram of carbon fed a t  any time 

weight of ac t ive  intermediate per  gram of carbon fed at time zero 

weight of carbon l o s t  by initial devolati l ization per gram of 
carbon fed 

t o t a l  weight of carbon appearing as methane a t  any time per gram 
of carbon fed 
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EFFECT OF INCREASING FREE SPACE ABOVE THE CHARGE ON THE COMPOSITION 
A N D  YIELD OF THE VOLATILE PRODUCTS FROM COAL CARBONIZATION 

C. O r t u g l i o ,  J. GI Wal te r s ,  and D. E. Wolfson 

U. S, Department o f  t h e  I n t e r i o r ,  Bureau of Mines 
P i t t s b u r g h  Coal Research Cen te r ,  P i t t s b u r g h ,  Pa. 15213 

ABSTRACT 

The effect  of  i n c r e a s i n g  t h e  free s p a c e  above t h e  cha rge  on t h e  composi t ion and 
y i e l d s  of t h e  v o l a t i l e  p r o d u c t s  from t h e  c a r b o n i z a t i o n  of P i t t sbu rgh-bed  c o a l  and one 
i n d u s t r i a l l y  used b l end  from t h e  eastern United S t a t e s  and one from wes te rn  United 
S t a t e s  was i n v e s t i g a t e d  wi th  t h e  BM-AGA c a r b o n i z a t i o n  appa ra tus .  

I n c r e a s i n g  t h e  f r e e  s p a c e  above t h e  cha rge  from 1 i n c h  t o  3 i n c h e s ,  t o  6 i n c h e s  
and t o  9 inches  r e s u l t e d  i n  lower tar y i e l d s  and i n c r e a s e d , g a s  and l i g h t  o i l  y i e l d s .  
Anthracene and naphthalene y i e l d s  w e r e  i n c r e a s e d ,  q u i n o l i n e  and benzene i n s o l u b l e  
f r a c t i o n s  of bo th  t h e  tar  and p i t c h  i n c r e a s e d  c o n s i d e r a b l y  with i n c r e a s e d  € ree  space ,  
a l though  t h e  carbon c o n t e n t  of t h e  tars and p i t c h e s  i n c r e a s e d  o n l y  s l i g h t l y .  

Inc reased  c rack ing ,  a r e s u l t  of t h e  i n c r e a s e  i n  free s p a c e ,  caused  a dec rease  i n  
t h e  y i e l d s  of t a r  a c i d s ,  t a r  bases, n e u t r a l  o i l s ,  o l e f i n s ,  a r o m a t i c s ,  and p a r a f f i n s  
and naphthenes.  Gas composi t ion was r e l a t i v e l y  c o n s t a n t ;  hydropen and methane tended 
t o  i n c r e a s e  and e thane  dec rease .  

R e s u l t s  of t h e  i n v e s t i g a t i o n  are b e i n g  used t o  d e s i g n  a u n i t  t o  upgrade t h e  vola- 
t i l e  p r o d u c t s  of c a r b o n i z a t i o n  by c r a c k i n g  t h e  h o t  p r o d u c t s  as t h e y  l e a v e  t h e  carbon- 
i z a t i o n  chamber. 

INTRODUCTION 

The Bureau of  Mines, i n  c o o p e r a t i o n  w i t h  t h e  American Gas A s s o c i a t i o n ,  j o i n t l y  
developed a p i l o t - s c a l e  c a r b o n i z a t i o n  test a p p a r a t u s  (BM-AGA) t o  de te rmine  t h e  car- 
b o n i z a t i o n  c h a r a c t e r i s t i c s  of c o a l s  and t o  e v a l u a t e  t h e  byproduct  y i e l d s  (2). 

Although t h e  BM-AGA tes t  a p p a r a t u s  is used p r i m a r i l y  t o  de te rmine  t h e  cok ing  
c h a r a c t e r i s t i c s  of coals f o r  m e t a l l u r g i c a l  u s e ,  t h e  o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  
was t o  de te rmine  t h e  effect  of c rack ing  on t h e  q u a l i t y  o f  c a r b o n i z a t i o n  p roduc t s  by 
va ry ing  t h e  free space  above t h e  coal charge when t h e  t empera tu re  is k e p t  constant. 

Carbon iza t ion  y i e l d s  are i n f l u e n c e d  by  t h e  r ank  of coal ca rbon ized ,  whereas 
t h e i r  composi t ion is p r i m a r i l y  a f u n c t i o n  of t h e  t e m p e r a t u r e  and c o n t a c t  t i m e  of  t h e  
evolved vapor s  wi th  t h e  h e a t e d  s u r f a c e s  w i t h i n  t h e  r e t o r t  or ovens. 
of vapor s  proceeds i n  t w o  steps: Primary decomposi t ion o f  gaseous vapor s  as they  a r e  
evo lved  f r o m  t h e  p l a s t i c  l a y e r  a t  moderate t e m p e r a t u r e s  and t h e n  p a s s  th rough  t h e  
h o t  coke s u r f a c e s ,  and secondary decomposi t ion as t h e  vapor s  p a s s  th rough  t h e  f r e e  
space  above t h e  coal cha rge  w i t h  less c o n t a c t  s u r f a c e .  P o r t e r  (2) i n  a s t u d y  of  c o a l  
c a r b o n i z i n g  equipment has  found t h a t  t h e  v a r i a n c e  of c o n t a c t  t i m e  of t h e  g a s e s  and 
vapor s  p a s s i n g  th rough  t h e  hea ted  s p a c e s  i n  approved i n d u s t r i a l  ovens may be 100 per-  
c e n t  or mom. 

Decomposition 

’ EXPERIMENTAL PROCEDURES 

Procedum and a p p a r a t u s  for BM-AGA c a r b o n i z a t i o n  t es t s  have been d e s c r i b e d  i n  
d e t a i l  i n  a p r e v i o u s  p u b l i c a t i o n  (5). 
c y l i n d r i c a l  steel re tor t ,  e l e c t r i c a l l y  c o n t r o l l e d  r e s i s t a n c e - t y p e  f u r n a c e ,  p roduc t  

B a s i c a l l y ,  t h e  a p p a r a t u s  c o n s i s t s  o f  a 
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r ecove ry  t r a i n ,  p a s  s c r u b b e r s ,  me te r s ,  and sampler.  
o u t  t h i s  i n v e s t i g a t i o n  is  26 i n c h e s  h i r h  and 1 8  i n c h e s  i n  d iameter .  The r e s u l t s  from 
p r e v i o u s  c a r b o n i z a t i o n  t e s t s ,  u s i n e  s t a n d a r d  retorts and 900°C c a r b o n i z a t i o n  tempera- 
t u r e s  have been c o r r e l a t e d  w i t h  i n d u s t r i a l  (1) and e x p e r i m e n t a l  oven ( 6 ,  8) da ta .  
c o a l  cha rges  were a d j u s t e d  i n  h e i g h t  so as t o  l e a v e  1-, 3-, 6-, and 9-Tnches of  free 
s p a c e  above t h e  c o a l  charpe.  
r e s u l t s  r e p o r t e d  are ave rages  of two de te rmina t ions .  

The s t a n d a r d  r e t o r t  used throup;h- 

The 

D u p l i c a t e  c a r b o n i z a t i o n  tests were nade a t  900°C and t h e  

A s i n g l e  c o a l  (1166)  and t w o  commercial c o a l  b l e n d s  (1161 and 1167A) w e r e  used i n  
t h i s  i n v e s t i e a t i o n .  
would b e  comparable t o  t h a t  cha rged  a t  t h e  coke p l a n t .  Coals f o r  tests 1166 and 1167A 
were r e c e i v e d  s e p a r a t e l y  i n  lump form and were c rushed  i n  t h e  hammer-mill and blended, 

Coal 1161  was ca rbon ized  as r e c e i v e d  so t h a t  t h e  s i z e  c o n s i s t  

In computing y i e l d s  from BM-AGA c a r b o n i z a t i o n  tests, t h e  q u a n t i t a t i v e  y i e l d s  are 
based on U. S. g a l l o n s  (231 c u b i c  i n c h e s )  and s h o r t  t o n s  (2,000 pounds). Coke y i e l d s  
are r e p o r t e d  as d r y  coke, we iph t -pe rcen t  of  coal carbonized.  
g r a v i t y  (de t e rmined) ,  and gross h e a t i n g  v a l u e  of t h e  p a s  are r e p o r t e d  as  s t r i p p e d  of 
l i g h t  o i l  and s a t u r a t e d  w i t h  water vapor  a t  6OoF and under  a p r e s s u r e  e q u i v a l e n t  t o  
30 i n c h e s  of mercury. L i p h t  o i l  r e f e r s  t o  t h e  c rude  p roduc t  s t r i p p e d  from t h e  gas. 
Liquor  i n c l u d e s  t h e  f i x e d  ammonia and absorbed free ammonia. Ammonium s u l f a t e  is re- 
p o r t e d  i n  pounds p e r  t o n  of c o a l  and i n c l u d e s  t h e  t o t a l  f r e e  and f i x e d  ammonia. 
t a r  y i e l d ,  p r o p e r t i e s ,  and c o n s t i t u e n t s  are r e p o r t e d  on a d r y  b a s i s  and i n c l u d e s  on ly  
t h a t  l i g h t  o i l  which condenses  w i t h  t h e  t a r ,  and t h e  s p e c i f i c  g r a v i t y  of t h e  t a r  is  
r e p o r t e d  a t  15.SoC/15.S0C. 

The y i e l d ,  s p e c i f i c  

The 

The y i e l d s  of c a r b o n i z a t i o n  p r o d u c t s  are g iven  on t h e  as-carbonized b a s i s  ( t a b l e  
1). The l a t te r  b a s i s  is used t o  compare coals when t h e  moi s tu re  and a sh  c o n t e n t s  
d i f f e r  s i g n i f i c a n t l y .  Comparisons lose t h e i r  s i - i f i c a n c e  because a h igh  pe rcen tage  
of  a s h  or m o i s t u r e  makes t h e  y i e l d  o f  coke  o r  l i q u o r  a r t i f i c a l l v  h iph  and t h o s e  o f  
o t h e r  p r o d u c t s  co r re spond inp ly  l o w .  The c a l c u l a t i o n  of moisture-  and a s h - f r e e  b a s i s  
assumes t h a t  all ash remains i n  t h e  coke and t h a t  all mois tu re  i n  t h e  coal is recov- 
e r e d  as  l i q u o r .  

P r o p e r t i e s  of Tar 

The t a r  y i e l d s  are a f f e c t e d  by c o a l  r ank ,  t empera tu re  of c a r b o n i z a t i o n  and free 
space  above t h e  c o a l  charge.  
c a n t  c o n t r i b u t i n g  f a c t o r  i n  d e t e r m i n i n p  t a r  q u a l i t y .  
t h e  vapor s  t o  remain l o n g e r  a t  t h e  h i g h e r  t empera tu re  r e s u l t i n g  i n  c o n s i d e r a b l e  v a r i -  
a t i o n s  i n  t a r  q u a l i t y .  

The t empera tu re  o f  c a r b o n i z a t i o n  i s  t h e  most signifi- 
Inc reased  f r e e  s p a c e  pe rmi t s  

The effect  o f  f r e e  s p a c e  on t a r  q u a l i t y  is p r e s e n t e d  i n  table 2. Cracking of t a r  
due t o  i n c r e a s e d  f r e e  s p a c e  r e s u l t e d  i n  p r o q r e s s i v e  increases i n  its s p e c i f i c  p r a v i t y ,  
naph tha lene  y i e l d ,  an th racene  y i e l d ,  excep t  for t h e  9-inch free space  and a r educ t ion  
in  t a r  a c i d s ,  bases, and n e u t r a l  oils .  It is i n t e r e s t i n p  t o  n o t e  t h a t  u n l i k e  naphtha- 
l e n e ,  t h e  an th racene  y i e l d  was s l i g h t l y  less a t  t h e  9-inch f r e e  s p a c e  f o r  a l l  tests. 
There was n o  s i g n i f i c a n t  chanee i n  t h e  r e s i d u e  y i e l d .  

The chemica l  composi t ion of t a r s  and ? i t c h e s  i s  p r e s e n t e d  i n  t a b l e  3. A s  ex- 
pec ted ,  t h e  carbon c o n t e n t  i n c r e a s e d  and t h e  hydropen c o n t e n t  dec reased  wi th  propre$- 
s i v e  i n c r e a s e s  i n  t h e  free space.  

Q u i n o l i n e  (1) and benzene ( f r e e  ca rbon)  (5) i n s o l u b l e  v a l u e s  for t h e  t a r s  and 
p i t c h e s ,  as  w e l l  a s  t h e  s o f t e n i n p  p o i n t  of t h e  p i t c h e s  were determined. Tnese a r e  
c r i t i c a l  f a c t o r s  , commercially impor t an t  , i n  d e t e r r i n i n p  t h e  s u i t a t i l i t g  of coal t a r  
p i t c h e s  as e l e c t r o d e  b i n d e r s .  The t a r  v a l u e s  were determined on t h e  whole t a r  and 
t h e  p i t c h  v a l u e s  were de te rmined  on t h e  +35OoC f r a c t i o n  of t h e  t a r .  The cube - in -a i r  
method was used t o  de te rmine  t h e  s o f t e n i n p  p o i n t  of t h e  p i t c h e s .  
p r e s e n t e d  i n  table 4. 

The r e s u l t s  are 
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T a b l e  3. - E f f e c t  of f r e e  s p a c e  on t h e  c h e m i c a l  composi t ion  of t a r  and p i t c h  

Tar P i t c h  
Void s p a c e ,  i n c h e s  1 3 6 9 1 3 6 9 

Hydrogen.......... 5.7 5.2 5.0 4.7 4.8 4.4 4.3 3.9 
Carbon ............ 90.5 91.4 92.7 93.1 92.3 92.8 93.8 94.2 
Nitrogen.......... 1.1 1.2 1.1 1.0 1.4 1.3 1.2 1.0 
Oxyeen............ 2.2 1.7 0.7 0.7 1.1 1.1 0.3 0.4 
Sulfur.....,...... 0.4 0.4 .4 .4 0.3 0.3 . 3  . 3  
Ash............... .1 .1 .1 .1 .1 .1 .I .2 

Hydropen.......... 5.4 5.0 4.8 4.7 4.9 4.7 4.6 4.2 
Carbon ............ 89.7 90.4 90.8 91.1 90.5 91.0 91.9 92.1 
Nitrogen.......... 1.3 1.3 1.2 1.1 1.5 le4 1.3 1.3 
Oxygen............ 2.5 2.2 2.1 2.0 2.1 2.0 1.3 1.6 
Sulfur............ 1.0 1.0 1.0 1.0 0.8 0.7 0.7 0.7 
ASh....o.....eseo. 0.1 0.1 0.1 0.1 .2 .2  .2 .1 

Hydrogen.......... 5.8 5.4 5.1 5.0 4.9 4.7 4.6 4.4 
Carbon ............ 90.3 92.0 91.5 92.0 91.1 91.6 92.0 92.2 
Nitrogen.......... 1.3 1.3 1.3 1.3 1.5 1.4 1.1, 1.3 
Oxygen.......,.... 1.4 0.4 1.0 0.6 1.7 1.5 1.2 1.3 
Sulfur............ 1.0 .8  1.0 1.0 0.7 0.7 0.7 0.7 
ASh.............e. 0.2 .1 0.1 0.1 .1 .1 .1 .1 

Coal 1 1 6 1  

Coal 1166 

Coal 1167A 

Table 4. - Effect of free s p a c e  above  coal c h a r g e  on q u i n o l i n e  and  
benzene  i n s o l u b l e s  

Void TarL P i t c h L  Sof ten ine :  
Coal s p a c e ,  Q u i n o l i n e  Benzene Q u i n o l i n e  Benzene p o i n t ,  

number i n c h e s  i n s o l u b l e s  i n s o l u b l e s  i n s o l u b l e s  i n s o l u b l e s  O C  

1 1 6 1  1 1.70 6.61 3.85 25.95 119.0 
3 2,73 8.17 3.96 24.25 105.0 
6 4. 84 11.29 8.87 28.33 110.0 
9 11.07 17.42 22.03 32.55 138.0 

1166 1 2.26 8.64 2.82 22.55 96.8 
3 4.13 11.60 4.70 26.55 101.0 
6 7.29 14.26 9.14 28.33 94.0 
9 11.15 18.76 14. 34 30.87 85.8 

1167A 1 2.57 7.66 2.86 21.75 94.0 
3 3.07 10.34 4.73 23.70 94.3 
6 6.39 12.47 7.60 25.15 82.3 
9 9.50 ' 15.46 12.15 27.85 85.0 

'Weight-percent f o r  t a r  and p i t c h .  



The i n s o l u b i l i t y  v a l u e s  for a l l  tars and p i t c h e s  inc reased  wi th  i n c r e a s i n g  f r e e  
There were marked i n c r e a s e s  a t  t h e  9-inch f ree  space  f o r  a l l  tests,  i n d i c a t -  space.  

i n g  t h e  fo rma t ion  of i n s o l u b l e  high b o i l i n g  hydrocarbons.  
I 

P r o p e r t i e s  of Gas 

P r o p e r t i e s  of  byproduc t  BZS vary  wi th  ca rbon iz ing  c o n d i t i o n s  as w e l l  as with 
c o a l  c h a r a c t e r i s t i c s .  
by t h e  BH-AGA method a t  900OC showed t h a t  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  of 
t h e  gas  depend on t h e  r ank  of coal. 

An i n v e s t i g a t i o n  (9) o f  t h e  g a s  y i e l d e d  by c o a l s  ca rbon ized  

The y i e l d  of c a r b o n i z a t i o n  gas  i n c r e a s e s  wi th  inc reased  c a r b o n i z a t i o n  tempera- 
t u r e ;  s i m i l a r l y ,  m a i n t a i n i n p  t h e  e f f l u e n t  vapors  a t  e l e v a t e d  t empera tu res  by in-  
c r e a s i n g  t h e  f r e e  space  above t h e  coal cha rge  exposes  t h e  vapor s  t o  h igh  t empera tu res  
f o r  a l o n e e r  t i m e  r e s u l t i n ?  i n  deg rada t ion  o f  t h e  v o l a t i l e  material wi th  a s t i l l  
g r e a t e r  i n c r e a s e  i n  t h e  gas  y i e l d .  Davis and Auvil  (3) have a t t r i b u t e d  t h i s  i n c r e a s e  
t o  g r e a t e r  c r a c k i n e  of  hydrocarbons i n  t h e  e n l a r g e d  f r e e  space.  
t h e s e  r e s u l t s ,  i n  t h a t  t h e  p a s  y i e l d  i n c r e a s e s  w i t h  i n c r e a s e d  f r e e  space.  

Tab le  1, confirms 

The chemical  and p h y s i c a l  p r o p e r t i e s  of t h e  pas  are p r e s e n t e d  i n  t a b l e  5. TWO 
impor t an t  p r o p e r t i e s  of gas  are i t s  h e a t i n g  v a l u e  and hydropen s u l f i d e  c o n t e n t ,  The 
h e a t i n g  v a l u e ,  g e n e r a l l y  cons ide red  t o  be  t h e  most important  p r o p e r t y  of byproduct 
g a s ,  is  p r e s e n t e d  on b o t h  t h e  c u b i c  foot and pound-of-coal b a s i s .  The g r e a t e s t  h e a t  
r ecove ry  for  t h e  l o n g e s t  exposure  time of gas  i n  t h e  retort  was 112 Btu p e r  pound of 
coal (1167A) or a g a i n  of 224,000 Btu p e r t o n  of coal. 
c l i n e  i n  h e a t i n g  va lue  wi th  i n c r e a s e d  exposure t i m e .  

Coal 1161  showed a s t eady  de- 

’ The hydrogen s u l f i d e  c o n t e n t  of t h e  g a s ,  c a l c u l a t e d  t o  g r a i n s  p e r  100 cub ic  feet 
of g a s ,  is becoming i n c r e a s i n g l y  impor t an t  because of a i r  p o l l u t i o n  r e s t r i c t i o n s ,  and 
must be reduced t o  l i m i t e d  c o n c e n t r a t i o n s  b e f o r e  d i s p o s a l .  R e s u l t s  i n d i c a t e  t h a t  t h e  
fo rma t ion  of hydrogen s u l f i d e  is r e l a t e d  t o  exposure  time; however, t h e  c o n c e n t r a t i o n  
of hydrogen s u l f i d e  i n  t h e  byproduct  gas  is dependent  on t h e  s u l f u r  c o n t e n t  of t h e  
coal and is n o t  r e l a t e d  t o  coal rank. Although t h e  s u l f u r  c o n t e n t  for  coal 1167A 
(1.4 p e r c e n t )  was h i g h e r  t h a n  t h a t  for coal 1161 (0.6 p e r c e n t ) ,  t h e  net  i n c r e a s e  i n  
hydrogen s u l f i d e ,  a t t r i b u t e d  t o  f r ee - space  c r a c k i n g ,  was o n l y  l b . 8  p e r c e n t ,  compared 
w i t h  26.0 p e r c e n t  for coal 1161. 

I 

Ligh t  O i l  

The composi t ion of l i g h t  o i l ,  l i k e  t h e  t a r ,  is a f u n c t i o n  o f  t h e  ca rbon iz ing  con- 
d i t i o n s  of which t empera tu re ,  free space  above t h e  coal cha rge ,  and t h e  c o n t a c t  t i m e  
of t h e  gas i n  t h e  h o t  free s p a c e  are t h e  most impor t an t ;  however, t h e  t o t a l  y i e l d  of 
l i g h t  o i l  under normal c a r b o n i z i n g  c o n d i t i o n s  is  dependent  l a r p e l y  upon t h e  rank of 
t h e  coal. 

Benzene, t h e  p r i n c i p a l  c o n s t i t u e n t  of t h e  l i g h t  o i l ,  is a decomposi t ion p roduc t  
whose fo rma t ion  is a c c e l e r a t e d  under  c o n d i t i o n s  f a v o r a b l e  to c r a c k i n p  e f f l u e n t  vapors .  

The p e r c e n t  composi t ion of benzene i n  t h e  l i g h t  o i l ,  a s  p r e s e n t e d  i n  t a b l e  6 ,  
p r o g r e s s i v e l y  i n c r e a s e d  w i t h  an i n c r e a s e  i n  free space ,  whereas a l l  o t h e r  c o n s t i t u e n t s  
of l i g h t  o i l  w e r e  a d v e r s e l y  a f f e c t e d  by t h e  free s p a c e  i n c r e a s e s .  

The t o t a l  l i g h t  o i l  y i e l d  reached a maximum a t  t h e  6-inch free space  f o r  t h e  c o d  
b l e n d s  and a t  t h e  9-inch f r e e  space  f o r  t h e  s t r a i g h t  c o a l .  
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T a b l e  5. - Chemical and p h y s i c a l - p r o m r t i e s  of eas 
-~ ~ ~ 

H yd r open 
Void Composi t ion,  d ry ,  volume-porcent  H e a t i n g  v a l u e  s u l f i d e  

Coal s p a c e ,  hydro- Carbon Btu per Btu p e r  g r a i n s  p e r  
number i n c h e s  gen monoxide Methane Ethane E t t y l e n e  c u . f t .  1b.coal  100 cu . f t .  

1 1 6 1  1 
3 
6 
9 

1166 1 
3 
6 
9 

60.87 
62.13 
64.01 
63.29 

59.38 
59.37 
59.09 
61.87 

5.98 
6.07 
5.07 
5.91 

6.49 
6.13 
6.45 
4.52 

25.78 2.43 
24.51 2.15 

27.40 1.08 

30.08 1.42 
30.11 1.56 
30.97 0.92 
29.85 .75 

23.79 1.60 

5.03 618 
5.14 608 
5.53 600 
2.32 576 

2.63 603 
2.83 608 
2.57 6 0 1  
2.96 596 

3,235 
3 ,231  
3,180 
3 ,121  

3,133 
3,268 
3 ,221  
3,189 

131  
157 
157 
16 5 

638 
714 
707 
828 

1167A 1 63.91 4.31 28.81 1.30 1.67 583 2,956 561 
3 61.94 5.12 30.05 0.85 2.04 587 3,020 600 
6 61.98 5.15 30.08 - 7 0  Le29 5 8 1  3,007 ' 606 
9 61.91 4.85 30.9k 56 1.74 585 3,068 644 

- Table  6. - Composi t ion of l i g h t  o i l ,  p a l l o n s  p e r  ton  

Void 
Coal space, E t h y l -  

number inche.8 hnzone Toluone m,p-xylona o-xylono benzene  

116 1 1 2.24 0.38 0.12 0.05 0.01 
3 2.65 . e42 . lb .Ob .006 
6 2.91 .40 .09 . O l  ,004 
9 2.89 .22 04 . O l  - .  

1166 1 2.77 -64  -13 .02 ,004 
3 2.79 .55 .08 .02 ,003 
6 3.13 .@5 . 05 .01 . O O l  
9 3.3k 42 .Oh .01 . O O l  

1167A 1 3.05 06 .10 .02 .013 
3 3.05 05 07 .02 .003 
6 3.39 04 -03  . O l  . O O l  
9 3.30 0 3  .03 .01 .001 
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P r o p e r t i e s  o f  Coke 

The p h y s i c a l  p r o p e r t i e s  o f  t h e  cokes were determined by s t a n d a r d  .methods of t h e  
American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  (2) .  
and l/tc-inch hardness ,  are t h e  o n l y  coke p r o p e r t i e s  r e p o r t e d  a s  t h e s e  parameters  are 
most commonly used i n  e v a l u a t i n g  m e t a l l u r g i c a l  coke. 

The tumbler  i n d i c e s ,  1- inch s t a b i l i t y  

V a r i a t i o n s  of f r e e  s p a c e  had no e f f e c t  on t h e  coke y i e l d .  The o n l y  s i g n i f i c a n t  
chanEe i n  t h e  coking p r o p e r t i e s  was f o r  c o a l  1166 i n  which t h e  1-inch s t a b i l i t y  index 
was p r o g r e s s i v e l y  lowered from 33 f o r  t h e  1-inch free space  t o  28 f o r  t h e  9-inch free 
space.  
t h e  same. 

The s t a b i l i t y  and h a r d n e s s  i n d i c e s  f a r  bo th  c o a l  b lends  remained e s s e n t i a l l y  

CONCLUSIONS 

The y i e l d s  of c a r b o n i z a t i o n  p r o d u c t s  are i n f l u e n c e d  by t h e  r a n k  of c o a l  used and 
t h e  t e m p e r a t u r e  of c a r b o n i z a t i o n .  
of h e a t i n g  and t h e  secondary  decomposi t ion by t h e  time o f  c o n t a c t  of t h e  vapors  while  
i n  t h e  h o t  retort and i s  dependent  on t h e  volume of free space p e r  u n i t  volume of  
charge ,  

The pr imary decomposi t ion is i n f l u e n c e d  by t h e  r a t e  

The c r a c k i n g  of t a r  due t o  i n c r e a s e d  f r e e  space  r e s u l t e d  i n  p r o g r e s s i v e  i n c r e a s e s  
i n  s p e c i f i c  g r a v i t y ,  n a p h t h a l e n e  y i e l d ,  a n t h r a c e n e  y i e l d  ( e x c e p t  f o r  t h e  9-inch f r e e  
space  tes t )  and a r e d u c t i o n  i n  t a r  a c i d s ,  b a s e s ,  and n e u t r a l  o i l s .  

F r e e  space  increases had no e f f e c t  on t h e  coke y i e l d  or coke p r o p e r t i e s  except  
for t h e  1- inch tumble r  s t a b i l i t y  f o r  coal (1166)  which was p r o g r e s s i v e l y  lowered with 
i n c r e a s e d  free space. 

The l i g h t  o i l  y i e l d  was i n c r e a s e d  and r eached  a maximum a t  t h e  6-inch f r e e  space 
f o r  t h e  coal b l e n d s ,  and  t h e  9-inch f r e e  space  for  t h e  s t r a i g h t  coa l .  

There was a p r o g r e s s i v e  increase i n  g a s  y i e l d ,  wi th  t h e  g r e a t e s t  v a r i a t i o n  of  
500 c u b i c  f e e t  p e r  t o n  o f  c o a l t a n d  t h e  h e a t  r ecove ry  f o r  t h e  l o n g e s t  exposure of gas  
i n  t h e  re tor t  was 1 1 2  Btu p e r  pound o f  coal .  

I n c r e a s e d  f r e e  s p a c e  above t h e  c o a l  charge  d u r i n g  c a r b o n k a t i o n ,  p e r m i t t e d  l o n g e r  
r e s i d e n c e  t i m e  of  t h e  vapor s  a t  a s p e c i f i c  t e m p e r a t u r e  and improved t h e  q u a l i t y  of t h e  
byproducts .  However, s i n c e  coke is t h e  major  and most v a l u a b l e  product  of  c o a l  car- 
b o n i z a t i o n ,  it would b e  economica l ly  i n f e a s i b l e  t o  d e c r e a s e  t h e  c a p a c i t y  of  commercial 
ovens. 
v o l a t i l e  materials, i n  a s e p a r a t e  c r a c k i n g  u n i t ,  o u t a i d e  of t h e  coking f u r n a c e ,  
s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i l l  be pub l i shed  i n  a subsequent  report. 

I n  r e c o g n i t i o n  o f  t h i s ,  t h e  Bureau o f  Mines i s  i n v e s t i g a t i n E  t h e  upgrading of 
Re- 

il 
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LIGHT-INDUCED CHEHILUHMESCENCE IN DERIVATIVES OP COAL AND PETROLEUM 

Raymond E.  Markby, R. A. Fr iede l ,  Sidney Friedman, and Heinz U. Sternberg 

P i t t sburgh  Coal Research Center, U. S. Bureau of Mines, 
4800 Forbes Avenue, P i t t sburgh ,  Pa. 15213 I 

1 

i 

I n  connection with work requi r ing  the u s e  of a l iqu id  s c i n t i l l a t i o n  spectrometer 1 

f o r  the determination of rad ioac t ive  e t h y l  groups introduced i n t o  coa l ,  ye 

discovered t h a t  so lu t ions  of a lkyla ted  c o a l  exhibi ted chemiluminescence when 
exposed t o  l i g h t  in the  presence of air. 
of o the r  products der ived from coa l  and petroleum a l s o  exhib i ted  chemiluminescence. 
In t h i s  paper we r epor t  o u r  observat ions and suggest a mechanism f o r  t h i s  l i g h t -  
induced chemiluminescence i n  products derived from coa l  and p t ro leum.  

INTRODUCTION 

i We subsequently found that so lu t ions  
, 

EXPERIMENTAL 

Materials Invest igated - The mater ia l s  inves t iga ted  are described i n  tab le  1. 

Haterial 

Coal tar  I 

Coal tar I1 

Coal asphal tenes  

Methylated coa l  
Ethylated coal  
Butylated coal  

Petrolenee I 

Aaphaltenes I 

Pet ro lenes  X I  

Asphaltenes I1 

TABLE 1. - Materials  Tested 

Descr ipt ion 

f 

t 

High temperature coa l  tar from Pocahontas No. 3 (lvb)  coal 
prepared in 1% yie ld  by Bm-AGA a thod .%/  

Commercial high temperature coal  tar. 
f 

Obtained by.combining samples from severa l  coa l  hydro- 
gena t ion  runs ca r r i ed  O u t  a t  P i t t sburgh  Coal Research Center. 

Prepared y reduct ive a lkyla t ion  of Pocahontas No. 3 (lvb)  
vierain.-  b j  

r 

.t 
I 

Pentane so luble  port ion of s t r a i g h t  run res idua l  asphal t  
(Venezualean crude) 85/100. 

Pentane insoluble ,  benzene aoluble  por t ion  (2oX) of above 
a spha l t .  

Pentane so luble  port ion of s t r a i g h t  run res idua l  asphal t  
(Cal i fornian crude) 85/100. 

Pentane insoluble ,  benzene so luble  por t ion  (21%) of above 
a spha l t .  

I 

a_/ 
b /  
eoa1  v i a  a Coal Anion Intermediate." 
Divis ion of Fuel Chemistry. A t l an t i c  City. N. J.. September 8-13. 1968. 

Technical Paper 685, U. S. Government Pr in t ing  Off ice ,  Washington, D. C. ,  1946. 
II. ti. Sternberg and C. L. Delle Donne, "Solvation and Reductive Alkylation of 

Prepr in ts  of Papers presented a t  the I 
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Apparatus - A tensor* lamp with a GE 1133 bulb ( ra ted  32 candle power a t  6 V. 
and 3.9 A . )  was used  a s  a l i g h t  source and a l iqu id  . s c i n t i l l a t i o n  spectrometer, 
model 2101 by Packard Instruments Company was used t o  de t ec t  l i g h t  emission. 
The quantum ef f ic iency  of the instrument was 16% a t  3800 1, 4% a t  5500 1, 1% 
a t  6000 A,  and a t  6500 A. 
Procedure - One-tenth t o  5 milligrams of the mater ia l  dissolved i n  20 m l .  of 
toluene was placed i n  a 22 m l .  counting v i a l  provided with a screw cap. The 
v i a l  was i r r ad ia t ed  by a tensor lamp a t  a d i s tance  of 1 cm. between l i g h t  bulb 
and wall of v i a l  for a period of one minute. 
cav i ty  of the l i qu id  s c i n t i l l a t i o n  spectrometer and counting was s t a r t e d  30 
seconds a f t e r  the i r r a d i a t i o n  had been completed. To obtain chemiluminescence 
decay curves,  the in t ens i ty  of l i g h t  emission ( i n  counts per 0.1 minute) was 
recorded a t  30 second i n t e r v a l s .  

The v i a l  was  then placed in the 

RESULTS 

\ 

\ 

4 

Chemiluminescence Decay Rates - The count r a t e  of a sample as determined by the 
l i qu id  s c i n t i l l a t i o n  spectrometer is proportional t o  the i n t e n s i t y ,  I, of the 
emitted l i g h t .  The decay of chemiluminescence i n t e n s i t y ,  I, with time w a s  
determined fo r  the mater ia l s  l i s t e d  in t ab le  1. In a l l  cases  s t r a i g h t  l i n e  
re la t ionships  were obtained when I-lI2 was p lo t ted  vs. t i m e .  
s t r a i g h t  l i n e  r e l a t ionsh ip  held up t o  a t  l e a s t  85% completion. 
luminescence decay curve as obtained f o r  butylated coa l  is shown in f igu re  1. 
The arrow marks 92Z completion. 

Spec t ra l  Region of Chemiluminescence - Qual i ta t ive  information on the spec t r a l  
region of the l i g h t  emitted was obtained by wrapping the  sample v i a l  a f t e r  
i r r a d i a t i o n  i n  various Kodak Wratten Gelatin f i l t e r s  of known transmittance and 
recording the  count rate. 
normal count rate no absorption. By this method we es tab l i shed  t h a t  the l i g h t  
emitted during chemilumineacence was i n  the 4800-5200 A region. 

Wavelength of I r r a d i a t i n g  Light - We were in t e re s t ed  i n  determining whether 
i r r a d i a t i o n  with red l i g h t ,  i.e., l i g h t  in the lower energy qegion of the  v i s i b l e  
spectrum i s  capable of inducing chemiluminescence. A so lu t ion  of 10 mg. of 
Pctrolenes I (see tab le  1) in 20 m l .  toluene was i r r a d i a t e d  f o r  1 minute with 
a red f i l t e r  ( transmission i n  the 6500 A region) placed between tensor  lamp and 
sample. The i r r a d i a t e d  sample emitted l i g h t  i n  the same s p e c t r a l  region as a 
sample i r r a d i a t e d  with white l igh t .  

In t ens i ty  of Chemllumincscence - The chemiluminescence intensities of the  
var ious  mterials l i s t e d  i n  t ab le  1 uere  obtained by determining count r a t e s  
a f t e r  i r r ad ia t ion .  The r e s u l t s  a r e  su-rized in t a b l e  2. 

I n  a l l  cases  the 
A t yp ica l  chemi- 

A zero count r a t e  ind ica ted  complete absorption, a 

The chedluminescence of i r r ad ia t ed  so lu t ions  can be detected by v i sua l  obser- 
vation. A vial containing 20 ~sg. of petrolenes I in 20 m l .  of toluene emlts a 
greenish-blue l i g h t  which is c l e a r l y  v i s i b l e  t o  the dark-adapted eye. 
i n t e n s i t y  of  the  l i g h t  emitted immediately a f t e r  i r r a d i a t i o n  of th in  sample 
corresponded t o  about lo6 counts per minute. 
about 20 minutes a f t e r  which time the count had dropped t o  approximately 
2 x I& counts per minute. 

The 

The l i g h t  remained v i s i b l e  for  

~ ~ 

Reference t o  a company o r  product name is made to f a c i l i t a t e  understanding 
and does not imply endorsement by the U. S. Wlreau of Mines. 

I 
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TABLE 2. - I n t e n s i t y  of chemiluminescence i n  products 
der ived from c o a l  and petroleum 

Material 

Coal t a r  I 
Coal t a r  I1 
Coal asphal tenes  
Methylated c o a l  
Ethylated coa l  
Butylated coa l  
Petrolenes I 
Petroleum asphal tenes  I 
Petrolenes I1 
Petroleum asphal tenes  I1 

I n t e n s i t y ,  
counts /min. /q .  Relat ive i n t e n s i t y  

1.6 x 103 

7.1 x 104 

3.8 x 105 
2.0 x 105 
7.9 x 103 
9 . 0  x 103 
4.3 x 104 

6.2 X 103 

3.8 X lo6 

6.5 X Id) 

1.0 
3.9 
4.4 x 10 

2.4 X lo2  
1.3 X lo2  
4.9 
5.6 
2.7 X 10 
4.1 X 10 

2.4 x 103 

DISCUSSION 

We bel ieve tha t  the light-induced chemiluminescence we observed involves  photo- 
s e n s i t i z e d  addi t ion of oxygen t o  acene-type r ing systems t o  form l a b i l e  endo- 
peroxides followed by decomposition of these endoperoxides with emission of 
l i g h t .  . This view is c o n s i s t e n t  with the experimental evidence and is  based on 
the following considerat ions.  

Moureau, Dufraisse and their  co-workersll have shown t h a t  acene-type hydrocarbons 
such as anthracene r e a c t  with oxygen under the  inf luence of sunl ight  o r  a r t i f i c i a l  
white  l i g h t  t o  form endoperoxides: 

The rnechanisdl of t h i s  l i g  t-induced endoperoxide formation involves e x c i t a t i o n  

s e n s i t i z e r  S. The s e n s i t k e r g l S o  absorbs l i g h t  energy t o  g ve an exci ted s i n g l e t  
s t a t e  (lS1) which is converted by intersystem crossing t o  a t r i p l e t  s t a t e  

of ground s t a t e  t r i p l e t  0 ( !I c -) t o  exc i ted  s i n g l e t  lo2 ('9 o r  '5') by a 

hv lS1 
0 

1s 

The s e n s i t i z e r  i n  i t s  t r i p l e t  s t a t e  exchanges energy with t r i p l e t  ground s t a t e  
oxygen t o  give s i n g l e t  oxygen which adds to  anthracene (A) t o  form the endo- 
peroxide (A02) : 

Decomposition of the acene-type endoperoxides formed i n  coal  and petroleum derived 
products with emission of l i g h t  



explains the observed chemiluminescence. Rubrene endoperoxide, f o r  example 
decomposes a t  elevated temperature with emission of greenish-yellow l i g h t  
v i s i b l e  t o  the dark-adapted eye, t o  give oxygen and Nbrene. O n  the bas i s  o f  
recent w o r u f  the emission of l i g h t  observed during the decomposition of 
peroxides is a t t r i b u t e d  to  t r a n s i t i o n  of excited van der Waals type "double 
molecules" [lo2 + 1023 to  ground s t a t e  oxygen 302. Depending on the s t a t e  

l i g h t  of d i f f e r e n t  wavelengths can be emitted. 
3Z - 

wavelength. 

roduces l i g h t  of 6335 A (orange-red), 

The l i g h t  obser8ed i n  8ur experihents was 
47%0 B (b lue)  and ( l C +  + 'c+) + 2 3Z - l i g h t  

i n  the 5000 A region, corresponding t o  a ( l A g  + '%+) + 2 kg- t r ans i t i on .  

The formation of an exc i ted  double molecule, ('02)2, r e su l t i ng  from the i n t e r -  
ac t ion  of two endoperoxide molecules, A02 

a 0 2  2A + (l02)2 Rate - k[AO2I2 (6)  

(l02)2 + 2(302) + hy Rate - I (7)  

followed by rapid t r a n s i t i o n  of t o  ground s t a t e  with emission of l i g h t  

i s  cons is ten t  w i t  the observed decay rate, i . e . ,  with a s t r a i g h t  l i n e  r e l a t ion -  
sh ip  between 1/1172 and time. According $0 ( 6 )  and (7),  the r a t e  of l i g h t  
emission, I, is proportional t o  the [A021 
may be subs t i t u t ed  for the [A021 concentration. 

concentration and consequently Ill2 
In the in tegra ted  r a t e  equation 

1/C - l /Co + k t  (6a 1 

the in antaneous concentration c i s  replaced by Ill2 and the i n i t i a l  concentration 
by This leads t o  the observed s t r a i g h t  l i n e  r e l a t ionsh ip  between 1/11/2 
and time 

According t o  equation (5),  s i n g l e t  oxygen (in e i t h e r  the 'A or 
required f o r  the formation of endoperoxide, a f a c t  which defermines the  minimum 
of i r r a d i a t i n g  energy required t o  exc i t e  ground s t a t e  t r i p l e t  oxyg n t o  excited 

s i n g l e t  oxygen ('s) is 22.5 kca l  (12,700 1) and t o  s i n g l e t  oxygen f l c  ) is 
37.5 kcal (7620 A). Consequently, l i g h t  i n  the red region (44 kca l ,  6580 A) ,  
should contain s u f f i c i e n t  energy f o r  the exc i t a t ion  of ground s t a t e  t r i p l e t  t o  
exc i ted  s i n g l e t  oxygen, provided t h a t  s e n s i t i z e r s  a r e  present capable of 
absorbing t h i s  energy (equation 2) and of intersystem crossing (equation 3) t o  
a t r i p l e t  l eve l  whose energy lies above the  energy (22.5 resp. 37.5 kca l )  
required f o r  the 302 to lo2 exc i t a t ion .  
ments a re  present in products derived from coal  and petroleum follows from the 
observation t h a t  i r r a d i a t i n g  l i g h t  in the red region (6500 A)  produces chemi- 
luminescence i n  the blue-green (5000 A) region. The formation of endoperoxide 
by i r r a d i a t i o n  i n  the presence of a s e n s i t i z e r  (csethylene blue) absorbing in the  
red (6400 A)  region 4 s  recent ly  demonstrate&/ i n  the case of rubrene. That 
s i n g l e t  oxygen is involved i n  our light-induced chemiluminescence reac t ion  is 
supported by the f a c t  t h a t  addi t ion  of an excess of tetramethylethylene (THE) 
p r i o r  t o  i r r a d i a t i o n  reduces the chemiluminescence in t ens i ty  by 982. RIE was 
shown to  act a s  a captor  fo r  s in8)e t  oxygen and as an inh ib i to r  i n  the photo- 
s ens i t i zed  oxidation of rubrene.- 

+ s t a t e )  i s  

s i n g l e t  oxygen. The exc i t a t ion  energies f r ground s t a t e  oxygen ( 4 C -) 50 

That s e n s i t i z e r s  meeting these require- 



Normal acene endoperoxides, containing a 9,lO bridge, are s t a b l e  a t  room temper- 
a t u r e ,  while the endoperoxides observed i n  coa l  and petroleum der iva t ives  decompose 
with chemiluminescence a t  room temperature. This behavior is similar t o  t h a t  
reported f o r  the 1,4-endoperoxides formed by c e r t a i n  1,4-dimethoxyanthracenes ,Lf 
and suggests that  t h e  chemiluminescent endoperoxides i n  coal  and petroleum 
der iva t ives  are  a l s o  of the 1,4 type and consequently contain ac t iva t ing  sub- 
s t i t u e n t s  i n  the 1.4 pos i t ions .  These subs t i tuents  may be e t h e r s  present  in the  
s t a r t i n g  material, o r  i n  t h e  case of a lkylated coa l ,  formed from OH groups during 
the  a lkyla t ion .  
probably could be any s u f f i c i e n t l y  e lectron-releasing groups, such as a lkyl  groups. 
This e f f e c t  i s  i l l u s t r a t e d  by the 100-fold g r e a t e r  rate of formation of endoperoxide 
from 9.10-dimethylanthracene and s i n g l e t  oxygen than from anthracene and s i n g l e t  
oxygen./ 
a lkyla ted  coal  e x h i b i t s  chemiluminescence which is 2 t o  3 orders  of  magnitude 
higher  i n  i n t e n s i t y  than t h a t  of the o ther  materials examined ( t a b l e  2) .  

Moreover, the subs t i tuents  undoubtedly need not be e thers ,  but 

The a c t i v a t i n g  e f f e c t  of a lkyl  groups i s  undoubtedly t h e  reason why 

CONCLUSIONS 

Solut ions of coal t a r ,  c o a l  asphal tenes  and a lkyla ted  coal  as well as petroleum . 
a s p h a l t s  exhib i t  chemiluminescence when exposed to oxygen and l i g h t .  
luminescence is believed t o  be due t o  decomposition of  endoperoxides formed by 
photooxidation of acene-type compounds present i n  products derived from coal  and 
petroleum. 

This chemi- 
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